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A B S T R A C T
T h i s  p r o j e c t  i n v e s t i g a t e d  t h e  s o i l - p l a n t  r e l a t i o n s h i p s  of  c o p p e r  
( C u ) ,  m o ly b d e n u m  (Mo) a n d  s u l p h u r  ( S )  in  hi l l  p a s t u r e s  fo l lowing 
o b s e r v a t i o n s  of  i n c r e a s e d  i n c i d e n c e  o f  Mo a n d  S - i n d u c e d  n e g a t i v e  Cu  
b a l a n c e s  in  s h e e p  g r a z i n g  some hi l l  s i t e s  a f t e r  i m p r o v e m e n t .  A l t h o u g h  
it  i s a  r e l a t i v e l y  s imple  p r o c e d u r e  to  d o s e  t h e  s h e e p  w i th  Cu  to  p r e v e n t  
t h e  d e v e l o p m e n t  of  n e g a t i v e  C u  b a l a n c e s ,  a s s o c i a t e d  w i th  t h e  r i s k  of  
s w a y b a c k  a n d  r e d u c e d  lamb g r o w t h  r a t e s ,  i t  w o u ld  b e  a d v a n t a g e o u s  
i f  s u f f i c i e n t  w e r e  k n o w n  a b o u t  t h e  s o i l - p l a n t  r e l a t i o n s h i p s  o f  C u ,  Mo 
a n d  S to  m odi fy  hi l l  i m p r o v e m e n t  p r a c t i c e s  a n d  c h o ic e  o f  s i t e s ,  so  t h a t  
t h e  p r o b l e m  d o e s  n o t  a r i s e .
T w e n t y - f o u r  S c o t t i s h  hi l l  so i l s  w e r e  c o l l e c t e d  a n d  a n a l y s e d  fo r  
v a r i o u s  p h y s i c a l  a n d  ch e m ic a l  c h a r a c t e r i s t i c s  a n d  on  t h e  b a s i s  of  t h e s e  
r e s u l t s  n i n e  soi l s  w e re  c h o s e n  f o r  f u r t h e r  s t u d y .  T h e  n i n e  s o i l s ,  in 
p a r t i c u l a r  soi l 2 ( a  b r o w n  e a r t h  f rom  H FRO G l e n s a u g h )  a n d  soil  8 ( a  
p e a t y  p o d z o l  f rom HFRO S o u r h o p e )  w e r e  u s e d  in  a s e r i e s  of  g l a s s h o u s e  
p o t  e x p e r i m e n t s  in  w h ic h  t h e  v a r i o u s  p r o c e s s e s  u n d e r t a k e n  d u r i n g  hi l l  
im p r o v e m e n t  w e r e  i n v e s t i g a t e d :  d r a i n a g e ,  l i m i n g ,  f e r t i l i z a t i o n  wi th
N , P a n d  C u  a n d  t h e  r e p l a c e m e n t  o f  n a t i v e  g r a s s e s  w i th  p e r e n n i a l  r y e ­
g r a s s  (P R G )  a n d  w h i te  c l o v e r  (W C ) .
Soi ls  2 a n d  8 w e r e  i n c u b a t e d  u n d e r  w a t e r l o g g e d  c o n d i t i o n s .  T h i s  
h a d  l i t t le  e f f e c t  on  e x t r a c t a b l e  soi l  C u  o r  Mo c o n c e n t r a t i o n  in soil  8 b u t  
s l i g h t l y  d e c r e a s e d  t h e  f o r m e r  ( C u )  a n d  g r e a t l y  i n c r e a s e d  t h e  l a t t e r  
(Mo) in  soi l  2; fo r  b o t h  so i l s  e x t r a c t a b l e  SOit2_- S  c o n c e n t r a t i o n s  d e c r e a s e d .  
When PRG was g r o w n  in t h e  tw o  soi ls  w h i c h  h a d  p r e v i o u s l y  b e e n  m a i n t a i n e d  
in a d r y ,  mois t  o r  w a t e r l o g g e d  s t a t e ,  t h e  e f f e c t  o f  p r e - t r e a t m e n t  i n f l u e n c e d  
th e  soil a n d  p l a n t  C u ,  Mo a n d  S c o n c e n t r a t i o n s  a s  d i d  t h e  w a t e r  c o n t e n t  
a t  w hich  t h e  p l a n t s  w e r e  g r o w n .  H o w e v e r ,  t h e  e f f e c t s  v a r i e d  wi th  t h e  
co m b in a t io n  o f  so i l ,  p r e - t r e a t m e n t  a n d  soil  w a t e r  c o n t e n t .
i v .
A p p l i c a t i o n  of  lime to  a soil  g e n e r a l l y  h a d  l i t t l e  e f f e c t  on  e x t r a c ­
t ab le  soil C u  c o n c e n t r a t i o n  a t  low pH b u t  s l i g h t l y  i n c r e a s e d  them at  
h i g h e r  p H s ,  w h e r e a s  p l a n t  Cu  c o n c e n t r a t i o n  d e c r e a s e d  a s  pH i n c r e a s e d .  
B o th  p l a n t  a n d  e x t r a c t a b l e  soi l  Mo a n d  S c o n t e n t s  w e r e  i n c r e a s e d .  T h e  
m e th od  of  lime a p p l i c a t i o n  ( s u r f a c e  o r  a p p l i e d  t h r o u g h o u t  t h e  soi l)  d id  
n o t  a l t e r  t h e  e f f e c t s  of  l ime a d d i t i o n .
A p p l i c a t i o n  of  Cu  d id  n o t  a l t e r  p l a n t  o r  e x t r a c t a b l e  soil  Mo o r  
S c o n c e n t r a t i o n s ,  b u t  i n c r e a s e d  t h o s e  o f  C u .  N i t r o g e n  a p p l i c a t i o n  a s  
e i t h e r  NH4+ o r  N 0 3" h a d  l i t t l e  e f f e c t  on  p l a n t  C u  c o n c e n t r a t i o n  b u t  s l i g h t l y  
d e c r e a s e d  t h o s e  of  Mo a n d  S;  t h e  e f f e c t s  w e r e  s im i la r  f o r  b o t h  fo rm s  of  
N . P h o s p h o r u s  a p p l i c a t i o n  h a d  o n l y  a  smal l  i n f l u e n c e  on  p l a n t  o r  e x t r a c ­
tab le  soil C u  a n d  Mo c o n c e n t r a t i o n s  b u t  d e c r e a s e d  p l a n t  S c o n t e n t s  while  
n o t  a f f e c t i n g  e x t r a c t a b l e  soi l S 0 42~-S  c o n t e n t s .
G e n e r a l l y ,  WC c o n t a i n e d  more  C u  a n d  Mo in  h e r b a g e  t h a n  d id  
PRG b u t  t h i s  was r e v e r s e d  f o r  h e r b a g e  S c o n c e n t r a t i o n .
Soil t y p e  h a d  a  v e r y  s t r o n g  i n f l u e n c e  on  t h e  e f f e c t s  p r o d u c e d  
b y  t h e  v a r i o u s  p r o c e s s e s  i n v e s t i g a t e d .
T h e  p e r c e n t a g e  ( A ^ u ) a n d  a b s o l u t e  ( T q u ) a v a i l a b i l i t i e s  of  Cu  
to  s h e e p  w e r e  c a l c u l a t e d  to  a s s e s s  how t h e  d i f f e r e n t  p r o c e s s e s  s t u d i e d  
would a f f e c t  t h e  C u  b a l a n c e s  in  t h e  d i e t  o f  a n i m a l s  -  80% of  t h e  v a l u e s  
c o l l ec ted  d u r i n g  t h e  c o u r s e  o f  t h i s  s t u d y  w o u ld  p r o b a b l y  h a v e  g iv e n  
r i s e  to  n e g a t i v e  C u  b a l a n c e s .  I t  w as  c o n c l u d e d  t h a t  u n t i l  f u r t h e r  w o r k  
is c a r r i e d  o u t  on soil  p h y s i c o - c h e m i c a l  a n d  p l a n t  m o r p h o l o g i c a l  a s p e c t s  
of  t h e  s o i l - p l a n t  r e l a t i o n s h i p s  o f  C u ,  Mo a n d  S in  hi l l  p a s t u r e s ,  a n d  
in p a r t i c u l a r  u n t i l  f ie ld  t r i a l s  a r e  u n d e r t a k e n ,  i t  will n o t  b e  p o s s i b l e  
to  p r e d i c t  a c c u r a t e l y  w h ich  hi l l  s i t e s  will ,  w h e n  i m p r o v e d ,  c a u s e  n e g a t i v e  
Cu  b a l a n c e s  in s h e e p .
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I D e ta i l s  of  f e r t i l i z e r  a m e n d m e n t s  a p p l i e d  in  t h e  E x p e r i m e n t s
II A d d i t i o n a l  c h a r a c t e r s  to  d e s c r i b e  t h e  t w e n t y - f o u r  soi ls  
in i t i a l ly  s c r e e n e d
III  P r i m a r y  d a t a  ( t r e a t m e n t  m e a n s )  f o r  t h e  E x p e r i m e n t s
C H A P T E R  I 
I n t r o d u c t i o n  a n d  L i t e r a t u r e  R e v ie w
2.
1. BA CKGROUND TO AREA OF STUDY
S w a y b a c k  is  a n e r v o u s  d i s o r d e r  of  n e w b o r n  a n d  y o u n g  l a m b s ,  
c a u s e d  b y  a n  i n d u c e d  c o p p e r  d e f i c i e n c y ,  w h ic h  is  c h a r a c t e r i s e d  b y  
u n c o - o r d i n a t e d  m o v em en t  o f  t h e  h i n d  q u a r t e r s  ( U n d e r w o o d ,  1977) .
T h e  i n c i d e n c e  o f  t h e  d i s e a s e  in  s h e e p  f lo c k s  h a s  b e e n  o b s e r v e d  to  i n ­
c r e a s e  w h e n  hi l l  p a s t u r e s  a r e  i m p r o v e d ;  a n d  r e c e n t l y  w o r k  b y  Whitelaw 
e ta ! .  ( 1977,  1979) a t  HFRO S o u r h o p e ,  h a s  d e m o n s t r a t e d  t h a t  hi l l  p a s t u r e  
i m p r o v e m e n t  may a l so  l e a d  to  r e d u c e d  lamb l ive  w e i g h t s ,  a g a i n  b e c a u s e  
of  a n  i n d u c e d  c o p p e r  d e f i c i e n c y .  T h e  f i n a n c i a l  l o s s  a t t r i b u t a b l e  to  
t h e s e  c o n d i t i o n s  h a s  b e e n  e s t i m a t e d  to  b e  £1 .3  mill ion p e r  y e a r  (M A FF,
1982) .  T h e  r e s e a r c h  r e p o r t e d  in  t h i s  t h e s i s  w a s  u n d e r t a k e n  to  t r y  
to  u n d e r s t a n d  w h y  t h e  o c c u r r e n c e  o f  i n d u c e d  c o p p e r  d e f i c i e n c y  in  
an imals  m ay  i n c r e a s e  w h e n  h i l l  p a s t u r e s  a r e  i m p r o v e d .
B o t h  o f  t h e  d i s o r d e r s  m e n t i o n e d  a b o v e  o c c u r  a l t h o u g h  t h e r e  
is  a p p a r e n t l y  s u f f i c i e n t  c o p p e r  in  t h e  d i e t ,  a s  t h e  s h e e p  is u n a b l e  to  
u t i l i ze  t h e  c o p p e r  p r e s e n t  b e c a u s e  o f  a n  a n t a g o n i s t i c  i n t e r a c t i o n  w i th  
m o ly b d e n u m  a n d  s u l p h u r ,  t h a t  is  t h e r e  is  a n  in d u ce d  c o p p e r  d e f i c i e n c y  
( D i c k ,  1956;  S u t t l e ,  1974, 1975) .  I t  i s  b e l i e v e d  t h a t  t h e  r u m e n  m i c r o ­
f lo ra  m e d ia t e  a r e a c t i o n  b e t w e e n  t h e  s u l p h u r  a n d  m o l y b d e n u m  f o r m i n g  
t h i o m o l y b d a t e s  ( D ic k  et a!.,  1975) ,  p r o b a b l y  t e t r a t h i o m o l y b d a t e s  (Mills 
et a ! . , 19 7 8 ) ,  w h ic h  com plex  w i th  t h e  d i e t a r y  c o p p e r  d e c r e a s i n g  i t s  
a b s o r p t i o n  a n d  u t i l i z a t i o n .
I t  i s  t h e  r e l a t i v e  c o n c e n t r a t i o n s  o f  c o p p e r ,  m o l y b d e n u m  a n d  s u l p h u r  
in t h e  s h e e p ' s  d i e t  t h a t  a r e  i m p o r t a n t  a n d  n o t  t h e i r  a b s o l u t e  v a l u e s .
S u t t l e  ( 1983b)  u s e d  a  c o p p e r  r e p l e t i o n  t e c h n i q u e  w i th  S c o t t i s h  B l a c k f a c e  
s h e e p  to  d e r i v e  a n  e q u a t i o n  r e l a t i n g  t h e  a b s o r b a b i l i t y  o f  c o p p e r  b y  t h e  
animal  to t h e  l e v e l s  o f  m o ly b d e n u m  a n d  s u l p h u r  in  g r a z e d  s u m m e r  h e r b a g e .
3.
Cu a b s o r p t i o n  ( %) = 5.71  -  1 . 2 7 9 S -  2 .785 InMo + 0 .2 2 7  Mo x  S . . . (1)
( r  = 0 . 9 0 ,  9 d . f . )
w h e re  S a n d  Mo a r e  t h e  h e r b a g e  c o n c e n t r a t i o n s  o f  s u l p h u r  a n d  m o ly b ­
denum in g  k g -1 DM a n d  mg k g -1 DM, r e s p e c t i v e l y .  F ro m  F i g u r e  1 .1  
it  can be  s e e n  t h a t  a s  b o t h  s u l p h u r  a n d  m o l y b d e n u m  c o n c e n t r a t i o n s  
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Herbage sulphur (g kg -1 DM)
F i g u r e  1 .1 : T h e  e f f e c t  of  d i e t a r y  m o l y b d e n u m  ( m g  k g -1 DM) a n d  
s u l p h u r  c o n c e n t r a t i o n s  ( g  k g -1 DM) on t h e  p e r c e n t a g e
of  d i e t a r y  c o p p e r  a b s o r b a b l e  b y  s h e e p ,  a s  p r e d i c t e d  
b y  e q u a t i o n  (1 )  ( S u t t l e ,  1983b) .
4.
E q u a t i o n  (1)  g i v e s  a b e t t e r  p r e d i c t i o n  o f  t h e  a b s o r b a b i l i t y  of  
c o p p e r  f rom g r a z e d  su m m e r  p a s t u r e  t h a n  t h e  e q u a t i o n  p r e v i o u s l y  d e r i v e d  
b y  S u t t l e  ( 1979) u s i n g  s e m i - p u r i f i e d  d i e t s ,  b u t  i t  s h o u l d  n o t  be  e x t r a ­
p o l a t e d  to  h e r b a g e  c o n c e n t r a t i o n s  o f  m o l y b d e n u m  g r e a t e r  t h a n  6 mg k g -1 
DM o r  o f  s u l p h u r  g r e a t e r  t h a n  4 g  k g -1 DM.
An i n d i c a t i o n  of  t h e  e f f e c t  t h a t  hi ll  p a s t u r e  i m p r o v e m e n t  h a s  on 
t h e  a b s o r b a b i l i t y  o f  c o p p e r  b y  s h e e p  c a n  b e  s e e n  fr om  T a b le  1 . 1 ,  f rom 
E v a n s  ( 1 9 8 4 ) .  I f  t h e s e  v a l u e s  f o r  a b s o r b a b l e  h e r b a g e  c o p p e r  a r e  com­
p a r e d  w i th  p u b l i s h e d  v a l u e s  o f  t h e  minimum c o p p e r  r e q u i r e m e n t  fo r  
s h e e p  (A R C  , 1980) a n d  w i th  a b s o r b a b l e  h e r b a g e  c o p p e r  c o n c e n t r a t i o n s  
t h a t  h a v e  b e e n  f o u n d  to  g iv e  r i s e  to  i n d u c e d  c o p p e r  d e f i c i e n c i e s  in 
g r a z i n g  l a m b s  (Whitelaw et al. , 1979,  1983) ,  i t  i s  a p p a r e n t  t h a t  w h e r e a s  
t h e  i m p r o v e d  p a s t u r e  p r o v i d e s  o n l y  a b o u t  25% o f  t h e  d i e t a r y  c o p p e r  
r e q u i r e m e n t s  f o r  g r a z i n g  l a m b s ,  t h e  u n i m p r o v e d  p a s t u r e  p r o v i d e s  s u f ­
f i c i e n t  .
T a b le  1 .1 :  C o n c e n t r a t i o n s  o f  c o p p e r  ( C u ) ,  m o l y b d e n u m  (Mo) a n d
s u l p h u r  ( S )  in  h e r b a g e ;  a n d  c a l c u l a t e d  p e r c e n t a g e  a n d  
c o n c e n t r a t i o n  o f  h e r b a g e  c o p p e r  a b s o r b a b l e  b y  s h e e p ,  
f o r  u n i m p r o v e d  a n d  i m p r o v e d  h i l l  p a s t u r e s  ( f ro m  E v a n s ,
1984) .
P a s t u r e
t y p e
C o n c e n t r a t i o n s  of  
n u t r i e n t s  
(m g  k g -1 DM)
Cu  Mo S
% A b s o r b a ­
b i l i t y  o f  
c o p p e r
C o n c e n t r a t i o n  of  
a b s o r b a b l e  
h e r b a g e  Cu  
(m g  k g - 1 )
(a) (b j (a x  b )
U n i m p r o v e d 6 .0 0 .8  0 .18 4 . 5 0.27
I m p r o v e d 5.2 6 .2  0 .30 1.0 0 .053
T h e  l i t e r a t u r e  was  s u r v e y e d  f o r  i n f o r m a t i o n  a b o u t  c o p p e r ,  moly­
b d e n u m  a n d  s u l p h u r  in soi ls  a n d  p l a n t s ,  a n d  t h e  e f f e c t  t h a t  v a r i o u s  
f a c t o r s  h a v e  on  t h e  s o i l - p l a n t  r e l a t i o n s h i p s  o f  t h e  t h r e e  e l e m e n t s  ( f o r  
e x a m p le ,  p H ,  soi l w a t e r  s t a t u s  a n d  o r g a n i c  m a t t e r ) .  T h e  l i t e r a t u r e
5.
r e l e v a n t  to  t h e  a l t e r a t i o n  o f  t h e  r e l a t i v e  c o n c e n t r a t i o n s  o f  c o p p e r ,  mo ly ­
b d e n u m  a n d  s u l p h u r  fo l low ing  t h e  i m p r o v e m e n t  o f  h i l l  p a s t u r e s  h a s  b e e n  
r e v i e w e d  h e r e ,  wi th  e a c h  o f  t h e  t h r e e  e l e m e n t s  b e i n g  c o n s i d e r e d  
s e p a r a t e l y .  A s u m m a r y  t a b l e  o f  t h e  e f f e c t  t h a t  t h e  v a r i o u s  f a c t o r s  a r e  
r e p o r t e d  t o  h a v e  on  t h e  t h r e e  e l e m e n t s  i s  p r e s e n t e d  in  T a b l e  1 . 6 .  Two 
r e c e n t  p u b l i c a t i o n s  w h ic h  h a v e  b r i e f l y  c o v e r e d  some a r e a s  o f  t h i s  l i t e r a t u r e  
r e v i e w  a r e  ' C o p p e r  in  r u m i n a n t  a n im a l  n u t r i t i o n 1 (M A F F ,  1982) ,  a n d  
' T r a c e  e l e m e n t  d e f i c i e n c y  in r u m i n a n t s '  ( S c o t t i s h  A g r i c u l t u r a l  C o l l e g e s  
a n d  S c o t t i s h  A g r i c u l t u r a l  R e s e a r c h  I n s t i t u t e s ,  1982) .
2. C O P P E R ,  MOLYBDENUM AND SULPHUR IN P L A N T S  AND SOILS
2 .1  Soil c o p p e r
(a) Soil content
T h e  m os t  i m p o r t a n t  f a c t o r  in  d e t e r m i n i n g  t h e  t r a c e  e l e m e n t  c o n t e n t  
o f  t h e  r e l a t i v e l y  y o u n g  u n w e a t h e r e d  so i l s  o f  t h e  U . K .  is  t h e  p a r e n t  
m a te r i a l ;  p e d o l o g i c a l  f a c t o r s  i n c l u d i n g  g l e y i n g ,  p o d z o l i z a t i o n , s u r f a c e  
o r g a n i c  m a t t e r  a c c u m u l a t i o n , pH a n d  r e d o x  p o t e n t i a l  will a l so  a f f e c t  
t h e  c o n t e n t ,  b u t  to  a l e s s e r  e x t e n t  ( S w a i n e  a n d  M i t c h e l l ,  1960) .  Soi ls 
d e v e l o p e d  from c o a r s e  g r a i n e d  m a t e r i a l s  ( s a n d s  o r  s a n d s t o n e s )  o r  f rom 
a c id  i g n e o u s  r o c k s  h a v e  lo w e r  t o t a l  t r a c e  e l e m e n t  c o n c e n t r a t i o n s  t h a n  
soi ls  d e v e l o p e d  from f in e  g r a i n e d  s e d i m e n t a r y  r o c k s  ( c l a y s  o r  s h a l e s )  
o r  f rom b a s i c  i g n e o u s  r o c k s  ( S w a i n e  a n d  M i tc h e l l ,  1960;  Mitche l l ,  1964) .
T h e  r e l a t i o n s h i p  b e t w e e n  t h e  t o t a l  C u  c o n t e n t  o f  a soil  a n d  i t s  
p a r e n t  m a t e r i a l  h a s  b e e n  e x a m i n e d  b y  Mi tche l l  ( 1971)  f o r  S c o t t i s h  s u r f a c e  
soi ls :  <10 mg k g -1 from t r a c h y t e ,  g r a n i t e  o r  s a n d s t o n e ;  10 mg k g -1
from a n d e s i t e  o r  s h a l e ;  20 mg k g -1 from s e r p e n t i n e ;  25 mg k g -1 from 
g r a n i t i c  g n e i s s ;  40 mg k g “ 1 from q u a r t z i t e  o r  o l iv ine  g a b b r o ;  a n d  100 
mg k g -1 from q u a r t z  mica s c h i s t .  T h e  n o rm a l  r a n g e  o f  t o t a l  soi l Cu  for
6.
S c o t l a n d  is  1-50 mg k g - 1 , m ean  20 mg k g -1 a n d  t h e r e  is  a  s l i g h t  t e n d e n c y  
fo r  t h e  c o n c e n t r a t i o n  to  i n c r e a s e  w i th  d e p t h  o f  t h e  soi l  p r o f i l e  (Mitche l l  
et a l . , 1957a; Sw aine  a n d  M i tche l l ,  1960) .  D e s p i t e  t h e  wide v a r i a b i l i t y  
of  soil Cu  w h i c h  a r i s e s  b e c a u s e  o f  t h e  v e r y  d i v e r s e  n a t u r e  of  g l a c i a t e d  
S c o t t i s h  s o i l s ,  C u  d e f i c i e n t  s o i l s ,  i . e .  t h o s e  w i th  <2 m g  k g -1 t o t a l  Cu  
( P u r v e s  a n d  R a g g ,  1962) a r e  c o m p a r a t i v e l y  c o m m o n ,  a s  d e m o n s t r a t e d  b y  
R e i th  ( 1968) f o r  n o r t h - e a s t  S c o t l a n d  a n d  P u r v e s  a n d  R a g g  ( 1962) fo r  
s o u t h - e a s t  S c o t l a n d .
T h e  u s u a l  r a n g e  o f  E D T A - e x t r a c t a b l e  C u  in  S c o t t i s h  soi l s  is 0 . 3 -  
10 mg k g -1 (M i tch e l l ,  1964) .  Mitche l l  ( 1963) c o n s i d e r s  t h a t  soi ls  wi th  
<0.8 mg k g -1 E D T A - e x t r a c t a b l e  C u  a r e  l i able  to  g i v e  r i s e  to  Cu  d e f i c i e n c y  
in c e r e a l s ;  f o r  p a s t u r e s ,  soi ls  c o n t a i n i n g  <1 .2  m g  k g -1 a r e  c o n s i d e r e d  
low in c o p p e r  ( M a c k e n z i e ,  1974) .
(b )  Form in soil and  adsorption  on soil su rfa ce
Spec if ic  /non-specif ic  ad sorp t ion  -  I f  i o n s  do  n o t  h a v e  a  s p e c i a l  
a f f i n i t y  f o r  a  s u r f a c e  t h e y  will b e  a d s o r b e d  in  p r o p o r t i o n  to  t h e i r  c o n ­
c e n t r a t i o n  in  t h e  soi l  s o lu t io n  -  n o n -sp e c if ic  ad so rp t ion  . I f  io n s  h a v e  
a  sp e c ia l  a f f i n i t y  f o r  a  s u r f a c e ,  spec if ic  ad so rp t ion  will  o c c u r  w h e r e  t h e  
ions  a p p r o a c h  v e r y  c lose  to  t h e  s u r f a c e  a n d  a r e  a d s o r b e d  to  a g r e a t e r  
e x t e n t  t h a n  w ou ld  b e  e x p e c t e d  fr om  t h e i r  c o n c e n t r a t i o n  in  t h e  soil  s o l u t i o n , 
e i t h e r  t h r o u g h  t h e  fo rm a t io n  o f  a n  io n -p a ir  o r  b y  l ig an d  exchange .
L i g a n d  e x c h a n g e  is  t h e  d i s p l a c e m e n t  o f  a n  OH o r  ( O H 2) + g r o u p  from 
th e  c o o r d i n a t i o n  sh e l l  o f  a  s u r f a c e  m eta l  a t o m . A n  i o n - p a i r  is  t h e  a s s o c i a ­
t ion of  a  p o s i t i v e l y  c h a r g e d  ion w i th  a n e g a t i v e l y  c h a r g e d  ion (W hi te ,
1979) .
S u r fa c e s  o f  variable ch a rg e  - T h e  o x i d e  s u r f a c e s  a n d  c lay  m in e ra l  
e d g e s  in soil  show  p H - d e p e n d e n t  c h a r g e  d u e  to  r e v e r s i b l e  a d s o r p t i o n
of p o t e n t i a l  d e t e r m i n i n g  H + i o n s ,  t h e  pH a t  w h ic h  t h e  n e t  s u r f a c e  c h a r g e
is  ni l  i s  t h e  po int  o f  zero ch a rg e  ( P Z C ) .  T h e  PZC will d e p e n d  on  t h e
a b i l i ty  of  t h e  s u r f a c e  to  a c t  a s  a n  a c i d  -  lo se  a p r o t o n ,  fo r  e x a m p l e ,
s i l ica  h a s  PZC <pH 2, w h e r e a s  f o r  f e r r i c  o x i d e  PZC - p H  9.  At  p H s
be low t h e  PZC t h e  s u r f a c e  will c a r r y  a n e t  p o s i t i v e  c h a r g e  b u t  t h e
m a g n i t u d e  o f  t h i s  will a l so  d e p e n d  on t h e  ionic  s t r e n g t h  o f  t h e  soil
s o l u t i o n ,  t h e  more  c o n c e n t r a t e d  i t  i s  t h e  h i g h e r  t h e  c h a r g e  will b e
( B a r r o w ,  1975; Whi te ,  1979) .  I n t e r e s t i n g l y ,  b e c a u s e  o f  t h e  a d s o r p t i o n
h y d r
of  o r g a n i c  m a t t e r  (O M ) ,  soil  o x i d e s  will g e n e r a l l y  b e a r  a  n e t  n e g a t i v e  
c h a r g e ,  e v e n  be low t h e i r  PZC -  a t  t h e s e  p H s  p u r e  o x i d e s  w o u ld  b e a r  
a n e t  p o s i t i v e  c h a r g e  ( J a m e s  a n d  B a r r o w ,  1981) .
O r g a n i c  m a t t e r  a l so  s h o w s  p H - d e p e n d e n t  c h a r g e  b e c a u s e  o f  d i s ­
s o c ia t io n  o f  c a r b o x y l i c  a n d  p h e n o l i c  g r o u p s ,  b u t  a b o v e  pH 3 t h e  n e t  
c h a r g e  i s  a l w a y s  n e g a t i v e  (W h i t e ,  1979) .
M c L a r e n  a n d  C r a w f o r d  ( 1973a) f r a c t i o n a t e d  t o t a l  soil  Cu  to  o b t a i n :
• Soi l s o l u t i o n  a n d  e x c h a n g e a b l e  Cu
• C u  w e a k l y  b o n d e d  to  s p e c i f i c  s i t e s
• O r g a n i c a l l y  b o u n d  Cu
• C u  o c c l u d e d  b y  o x id e  m a t e r i a l
• a n d  r e d u c e d  C u  in  c l a y  l a t t i c e  s t r c
M cB r id e  (1981)  h a s  r e v i e w e d  how Cu  i s  h e l d  in  a  soi l so  o n ly  
a b r i e f  a c c o u n t  will b e  g i v e n  h e r e , c o n c e n t r a t i n g  m a in ly  on  t h e  f i r s t  
two f r a c t i o n s  a b o v e  -  t h a t  i s ,  t h e  p l a n t  a v a i l a b l e  C u .
M any  o f  t h e  e a r l i e r  s t u d i e s  on Cu  a d s o r p t i o n  w e r e  p e r f o r m e d  
a t  u n r e a l i s t i c a l l y  h i g h  s o l u t i o n  C u  c o n c e n t r a t i o n s  ( e . g .  M cL aren  a n d  
C r a w f o r d ,  1973a,  1973b,  1974) .  So t h e  r e s u l t s  o b t a i n e d  may n o t  b e  
d i r e c t l y  a p p l i c a b l e  to  t h e  soi l  w h e r e  o n ly  a smal l  p r o p o r t i o n  of  t h e  t o t a l
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p o s s i b l e  a d s o r p t i o n  s i t e s  a r e  u t i l i z e d ,  f o r  e x a m p l e  <2% (M c L a r e n  et at. , 
1983a) , a n d  sp e c i f i c  a d s o r p t i o n  r a t h e r  t h a n  c a t i o n  e x c h a n g e  will b e  
p r e d o m i n a n t  a d s o r p t i o n  m e c h a n i s m  f o r  Cu  (Wil l iams,  1981) .
R e c e n t  w o r k  a t  r e a l i s t i c a l l y  low s o l u t i o n  C u  c o n c e n t r a t i o n s  h a s  
show n  t h a t  a d s o r p t i o n  fol lows a l i n e a r  i s o t h e r m ,  f o r  soi l ( J a r v i s ,  1981b; 
McLaren et al. , 1983a) a n d  f o r  i n d i v i d u a l  soil  c o m p o n e n t s  (M cL aren  
et al. , 1981) .  A t  h i g h e r ,  n o n - r e a l i s t i c , s o l u t i o n  C u  c o n c e n t r a t i o n s  
a d s o r p t i o n  h a s  b e e n  o b s e r v e d  to  b e  n o n - l i n e a r  a n d  follow t h e  F r e u n d l i c h  
( e . g .  J a r v i s ,  1981b) o r  L a n g m u i r  i s o t h e r m  ( e . g .  M c L a r e n  a n d  C r a w f o r d ,  
1 9 7 3 b ) . O n l y  a  small  a m o u n t  o f  d e s o r p t i o n  of  t h e  a d s o r b e d  C u  o c c u r s  
w hich  im p l i e s  t h a t  a d s o r p t i o n  i s  i r r e v e r s i b l e  o r  o n l y  v e r y  s lowly r e v e r s ­
ib le ,  w i th  a  h i g h  a c t i v a t i o n  e n e r g y  n e c e s s a r y  f o r  d e s o r p t i o n  (M c L a r e n  
et al. , 1 9 8 3 b ) .  In  s t u d i e s  w i th  g e o t h i t e  a t  pH < 7 .5 ,  P a d m a n a b h a m  
(1983)  h a s  o b s e r v e d  " h y s t e r e s i s "  o f  a d s o r p t i o n  a n d  d e s o r p t i o n  w h ich  
he h a s  a t t r i b u t e d  to  t h e  e x i s t e n c e  o f  tw o  d i f f e r e n t  a d s o r p t i o n  s i t e s ,  one 
w i th  a low b o n d i n g  e n e r g y  w h e r e  C u 2+ i s  a s s o c i a t e d  w i th  o n e  h y d r o x y l  
g r o u p  a n d  t h e  o t h e r  w i th  a  h i g h e r  b o n d i n g  e n e r g y  w h e r e  C u 2+ is  a s s o c ­
i a t e d  w i th  tw o  h y d r o x y l  g r o u p s  a n d  f o r m s  a  b r i d g i n g  l i g a n d .  D e s o r p t i o n  
is i m p o r t a n t  in  c o n t r o l l i n g  t h e  p l a n t  a v a i l a b i l i t y  o f  soil  C u  -  b o t h  a d d e d  
a n d  n a t i v e .
T h e  r e l a t i v e  i m p o r t a n c e  o f  t h e  v a r i o u s  soi l  s u r f a c e s  in  c o n t r o l l i n g  
t h e  s p e c i f i c  a d s o r p t i o n  o f  C u  i s  o r g a n i c  m a t t e r  S soi l  o x i d e s  > c l a y  m i n e r a l s  
(Will iams,  1981) .  T h e  f i r s t  tw o  g r o u p s  a r e  u s u a l l y  t h e  most  i m p o r t a n t  
(M cL aren  et a !.,  1983a) ,  p a r t i c u l a r l y  m a n g a n e s e  o x i d e s  ( M c L a re n  a n d  
C r a w f o r d ,  1 9 7 3 b ) ,  b u t  t h i s  will v a r y  w i th  soi l  p H  w h i c h  will n o t  o n ly  
d e t e r m i n e  t h e  n e t  c h a r g e  o f  t h e s e  s u r f a c e s  b u t  will a l so  d e t e r m i n e  t h e  
h y d r o l y s i s  s t a t e  of  t h e  c o p p e r  ( J a r v i s ,  1 981b) .
T h e  c o n c e n t r a t i o n  o f  C u  in  t h e  soil  s o l u t i o n  is  n o r m a l l y  0 .0 0 3 -
0.06 mg I-1 (Will iams,  1981) ,  b u t  o n l y  a  smal l p e r c e n t a g e  o f  t h i s  will 
be  p r e s e n t  a s  C u 2+ io n s  a n d  a v a i l a b l e  fo r  a d s o r p t i o n .  T h e  major  p a r t  
will be  p r e s e n t  a s  so lu b le  o r g a n i c  c o m p l e x e s  ( M c B r i d e  a n d  B l a s i a k ,
1979) .  F o r  a  c a l c a r e o u s  so i l ,  H o d g s o n  et al. ( 1966) d e m o n s t r a t e d  t h a t  
>98% of  t h e  s o lu t io n  Cu  was o r g a n i c a l l y  b o u n d ,  w h i l s t  f o r  a n e u t r a l  so i l ,  
C a v a l l a ro  a n d  M cBride  ( 1978) f o u n d  80% of  t h e  s o l u t i o n  C u  was c o m p l e x e d
2. 2 P l a n t  c o p p e r
(a) Uptake
Mechanism :  T h e  s u p p l y  o f  C u  to  p l a n t s  a p p e a r s  to  b e  more  d e p e n d
e n t  on  r o o t  i n t e r c e p t i o n  t h a n  on  e i t h e r  m a s s  flow o r  d i f f u s i o n  ( O l i v e r  
a n d  B a r b e r ,  1966; J a r v i s  a n d  W h i t e h e a d ,  1981) .  C u  i s  most  p r o b a b l y  
t a k e n  u p  a s  t h e  u n c o m p l e x e d  C u 2+ ion ( D r a g u n  et a l . , 1976; H a r r i s o n  
et a l . , 1984) ,  a l t h o u g h  o r g a n i c  c o m p l e x e s  i n f l u e n c e  t h e  a m o u n t  a b s o r b e d  
wi th  b o t h  s ize  ( M e r c e r  a n d  R i c h m o n d ,  1970; P e t r u z z e l l i  a n d  G u id i ,
1976) a n d  c h a r g e  (C o o m b e s  et a ! . ,  1977) b e i n g  i m p o r t a n t .  T h e  s p e c i f i c  
a d s o r p t i o n  o f  C u 2+ o n t o  cel l  wal ls  i s  a n  i m p o r t a n t  p r e l i m i n a r y  s t e p  to  
a b s o r p t i o n  ( H i a t t  et a l ., 1963) a n d  i t  i s  p o s s i b l y  a t  t h i s  s t a g e  t h a t  
Cu-OM c o m p l e x e s  a r e  i n v o l v e d  ( G r a h a m ,  1981) .
Rate:  J a r v i s  a n d  c o - w o r k e r s  ( J a r v i s ,  1978, 1980,  1981b,  1981c;
J a r v i s  a n d  W h i t e h e a d ,  1981, 1983; J a r v i s  a n d  R o b s o n ,  1982) h a v e  
s t u d i e d  t h e  r a t e  o f  C u  a b s o r p t i o n  b y  p l a n t s  a n d  h a v e  made some i n t e r e s t ­
i n g  o b s e r v a t i o n s .  In f lo w in g  s o l u t i o n  c u l t u r e s ,  w h i t e  c l o v e r  (WC) a n d  
p e r e n n i a l  r y e g r a s s  (P R G )  ( J a r v i s ,  1980) ,  a n d  r e d  c l o v e r ,  PRG a n d  
w hea t  ( J a r v i s  a n d  R o b s o n ,  1982) w e r e  f o u n d  to  h a v e  s imila r  r a t e s  o f  Cu  
a b s o r p t i o n  p e r  u n i t  r o o t  (m g  Cu  k g -1 d r y  r o o t  d a y - 1 ) a n d  Cu  t r a n s p o r t  
f rom r o o t  to  s h o o t .  T h e r e f o r e ,  a n y  s p e c i e s  d i f f e r e n c e s  in  s h o o t  Cu
10.
c o n c e n t r a t i o n  will be  d u e  to  d i f f e r e n t  g r o w t h  p a t t e r n s ;  c l o v e r s  g e n e r a l l y  
h a v e  r e l a t i v e l y  l a r g e  r o o t  a n d  s m a l l e r  s h o o t  s y s t e m s  t h a n  g r a s s e s ,  
wi th  c o r r e s p o n d i n g l y  h i g h e r  s h o o t  Cu  c o n t e n t  ( J a r v i s ,  1980) .  H o w e v e r ,  
in  a  s t u d y  w i th  21 s o i l s ,  J a r v i s  a n d  W h i t e h e a d  ( 1981,  1983) s h o w e d  
t h a t  t h e  r a t e  o f  Cu  a b s o r p t i o n  w a s  g r e a t e r  f o r  WC ( r a n g e  51-125 m ean  
91 mg Cu  k g -1  d r y  r o o t  d a y - 1 ) t h a n  f o r  PRG ( r a n g e  25-59 mean 36 mg 
Cu k g -1 d r y  r o o t  d a y - 1 ) w h ic h  c o u l d  a c c o u n t  f o r  h i g h e r  c l o v e r  s h o o t  C u  
c o n c e n t r a t i o n s  c o m p a r e d  w i th  g r a s s .
(b )  D istr ibu t ion  in the p lant
A f u r t h e r  i n t e r e s t i n g  p o i n t  t o  e m e r g e  f ro m  t h e  w o r k  of  J a r v i s  
a n d  c o - w o r k e r s  is t h e  r e t e n t i o n  o f  C u  w i t h i n  p l a n t  r o o t s  in  b o t h  s o l u t i o n  
c u l t u r e  ( J a r v i s ,  1980,  1981c;  J a r v i s  a n d  R o b s o n ,  1982; a l so T i l l s  a n d  
Alloway ,  1981a)  a n d  in  soil  ( J a r v i s ,  1978; J a r v i s  a n d  W h i t e h e a d ,  1981, 
1983) .  R e t e n t i o n  r a n g e s  f rom 14 to  96% o f  t o t a l  C u  t a k e n  u p ,  d e p e n d i n g  
on  e n v i r o n m e n t a l  c o n d i t i o n s  a n d  s p e c i e s ,  WC r e t a i n s  l e s s  t h a n  PRG 
( J a r v i s  a n d  W h i t e h e a d ,  1983);  a n d  t h e  C u  a p p e a r s  t o  o c c u r  in  t h e  
cel l wal ls  in  a s s o c i a t i o n  wi th  o r g a n i c  l i g a n d s  ( J a r v i s ,  1978,  1980) .
A n  a l t e r n a t i v e  m e t h o d  o f  r e t e n t i o n  h a s  b e e n  p r o p o s e d  b y  Mazzol ini  
et al. ( 1983) ,  who o b s e r v e d  d i s c r e t e ,  r a n d o m l y  d i s t r i b u t e d  z o n e s  o f  
Cu a c c u m u l a t i o n  in  Wimmera r y e g r a s s  r o o t s  g r o w n  in  s o lu t io n  c u l t u r e  
a n d  s u g g e s t e d  t h a t  c o p r e c i p i t a t i o n  o f  Cu  w i th  i r o n  ( I I I )  p h o s p h a t e  o r  
i r o n  ( I I I )  o x y h y d r o x i d e  h a d  o c c u r r e d .  Mazzol ini  et al.  a l so  s u g g e s t  
t h a t  t h e  a p p a r e n t  r e t e n t i o n  o f  C u  b y  p l a n t  r o o t s  i s  a n  a r t e f a c t  o f  t h e  
r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  o f  F e ,  P a n d  Cu  f o u n d  in  s o lu t i o n  c u l t u r e .  
H o w e v e r ,  a s  m e n t i o n e d  a b o v e ,  J a r v i s  a n d  c o - w o r k e r s  h a v e  a l so  o b s e r v e d  
r e t e n t i o n  in  soil c u l t u r e  a l t h o u g h  a t  s l i g h t l y  low er  p e r c e n t a g e s ,  e . g .
47% fo r  PRG in  soil  c o m p a r e d  w i th  71% in s o l u t i o n  c u l t u r e  ( J a r v i s ,  1980; 
J a r v i s  a n d  W h i t e h e a d ,  1983) .
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T h e  C u  t h a t  is  p r e s e n t  in  t h e  p l a n t  s h o o t s  is  n o t  e q u a l l y  d i s t r i b ­
u t e d  b e t w e e n  d i f f e r e n t  p l a n t  p a r t s  a n d  some will c o n t a i n  more  t h a n  
o t h e r s ;  t h e  r e l a t i v e  l e v e l s  will d e p e n d  on s p e c i e s .  Fleming- a n d  M u r p h y  
( 1968) f o u n d  t h e  C u  c o n c e n t r a t i o n  o f  h e a d s  > l e a v e s  > s t e m  fo r  I t a l i a n  
r y e g r a s s ,  w h i l s t  f o r  Poa tr iv ia l is  t h e  o r d e r  w as  l e a v e s  > s t em  > h e a d .
(c )  Re lat ionsh ip  between p lant  n itrogen  and  co p p e r  contents
A s t rong-  c o r r e l a t i o n  e x i s t s  b e t w e e n  p l a n t  N a n d  C u  c o n t e n t s  
( G l a d s t o n e s  et a h ,  1975) w i th  t h e  C u  exi s t ing-  l a r g e l y  a s  c h e l a t e s  w i th  
amino a c i d s  ( J a r v i s ,  1978; L o n e r a g a n  et a l.,  19 8 0 ) .  T h i s  a s s o c i a t i o n  
of  N a n d  C u  l e a d s  to  C u  h a v i n g  ' v a r i a b l e  m o b i l i t y '  i n  t h e  ph loem  
( L o n e r a g a n  et a h ,  1980) ,  t h a t  i s  C u  i s  r e l e a s e d  w h e n  p r o t e i n s  u n d e r g o  
h y d r o l y s i s  a t  s e n e s c e n c e  (Hil l  et a h ,  1979a, 1 9 7 9 b ) ,  b u t  o t h e r w i s e  
r e m a i n s  i m m o b i l e . I t  i s  t h e r e f o r e  p o s s i b l e  f o r  t h e  o l d e s t  l e a v e s  o f  a 
p l a n t  to  b e  C u  s u f f i c i e n t  whi le  t h e  y o u n g e s t  l e a v e s  a r e  C u  d e f i c i e n t  
( L o n e r a g a n  e f  a l . , 1980) .
2 .3  Soil m o l y b d e n u m
(a) Soil content
Soil p a r e n t  m a te r i a l  i s  t h e  major  f a c t o r  d e t e r m i n i n g  t h e  a m o u n t  
of to t a l  Mo a s  i t  i s  fo r  C u .  Mitche l l  (1971)  f o u n d  t h e  fo l low ing  c o n c e n t r a ­
t ion  fo r  S c o t t i s h  s u r f a c e  s o i l s :  <1 m g  k g -1 from a n d e s i t e ,  g r a n i t e ,
g r a n i t i c  g n e i s s ,  s l a t e  o r  s a n d s t o n e ,  1 mg k g -1 f ro m  s e r p e n t i n e  o r  q u a r t z -  
i t e ,  2 mg k g -1 from o l iv ine  g a b b r o ,  3 mg k g -1 f ro m  t r a c h y t e  a n d  5 mg 
k g  1 f rom q u a r t z - m i c a  s c h i s t .  T h e  n o r m a l  r a n g e  o f  t o t a l  soil  Mo fo r  
S co t l a n d  is  0 . 2 -  5 .0  mg k g - 1 , m ean  2 .0  mg k g -1 ( S w a i n e ,  1955) w h ic h  
is e v e n l y  d i s t r i b u t e d  w i th in  t h e  soil  p r o f i l e  ( S w a i n e  a n d  Mitche l l ,  1960) .  
T h e  l eve ls  of  e x t r a c t a b l e  Mo ( m e a n  0 . 2  mg k g - 1 ) will v a r y  with  t h e  d e p t h
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of  soil  p r o f i l e  d e p e n d i n g  on t h e  d r a i n a g e  s t a t u s  o f  t h e  soi l -  d e c r e a s i n g  
with  d e p t h  in  f r e e l y  d r a i n e d  a n d  p o d z o l i c  soi l s  a n d  i n c r e a s i n g  to  t h e  
g l e y e d  l a y e r  in  p o o r l y  d r a i n e d  so i l s  ( S w a i n e  a n d  M i tch e l l ,  1960) .
(b )  Form in soil a nd  ad sorp t ion  on soil su r fa ce s
Mo m ay  o c c u r  in  t h e  soi l  in  o n e  of  f iv e  f o r m s  ( G u p t a  a n d  L i p s e t t ,
1981):
• w a t e r  s o lu b le  m o l y b d a t e  in  soil  s o l u t i o n ,
• o r g a n i c a l l y  c o m p l e x e d  Mo,
• m o l y b d a t e  a d s o r b e d  o n  p o s i t i v e l y  c h a r g e d  s u r f a c e s ,  
d i s c r e t e ,  s e c o n d a r y  c o m p o u n d s ,  e i t h e r  c r y s t a l l i n e
o r  a m o r p h o u s ,
• a n d  p r i m a r y  c r y s t a l l i n e  m a t e r i a l s .
T h e  Mo most  r e a d i l y  a v a i l a b l e  f o r  p l a n t  u p t a k e  is  t h a t  in  t h e  
f i r s t  two g r o u p s  ( G u p t a  a n d  L i p s e t t ,  1981) .  T h e  m e c h a n i s m  of  Mo 
a d s o r p t i o n  in  soi ls  will b e  d i s c u s s e d  t o g e t h e r  w i th  s u l p h a t e  a d s o r p t i o n  
a s  b o t h  a r e  p r e s e n t  a s  a n i o n s  a n d  a r e  a d s o r b e d  i n  a  s im i la r  m a n n e r .
2 .4  P l a n t  m o ly b d e n u m
Ro ot  i n t e r c e p t i o n  a n d  m a s s  flow a r e  t h e  m o s t  i m p o r t a n t  m e c h a n i s m s  
c o n t r o l l i n g  t h e  m ovem en t  o f  t h e  m o l y b d a t e  ion ( M o 0 2i7) to  p l a n t  r o o t s  
fo r  a b s o r p t i o n  ( G u p t a  a n d  L i p s e t t ,  1981) .
T h e  c o n c e n t r a t i o n  o f  Mo in  t h e  p l a n t  will v a r y  w i th  p l a n t  p a r t ;  
fo r  g r a s s e s ,  l e a v e s  > h e a d  > s t e m  w h i l s t  f o r  c l o v e r s  s t e m  à h e a d  a n d  
l e a v e s  ( F l e m i n g ,  1963) .
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2. 5 Soil s u l p h u r
(a) Soil content
T h e  t o t a l  S l ev e l  in w o r ld  soi ls  r a n g e s  f rom 30 to  1000 mg k g  1 , 
mean 700 mg k g -1 ( L i n d s a y ,  1979) ,  a n d  g e n e r a l l y  so i l s  o f  a  c a l c a r e o u s  
o r ig in  c o n t a i n  t h e  h i g h e r  l e v e l s  (Will iams et a t . , 1960) . In h u m i d / t e m ­
p e r a t e  so i l s  o v e r  90% of  t o t a l  soi l  S may  b e  p r e s e n t  in  OM a n d  b e  a v a i l ­
able  to  p l a n t s  o n ly  b y  m in e r a l i z a t i o n  ( M u r p h y ,  1980) .  S c o t t i s h  soi ls  
c o n t a i n  p h o s p h a t e - e x t r a c t a b l e  s u l p h a t e  c o n c e n t r a t i o n s  w i th in  t h e  r a n g e  
2-60 mg k g - 1 , m os t  of  t h e s e  so i l s  c o n t a i n  <12 m g  k g - 1 , a l e v e l  w h ic h  
is i n a d e q u a t e  fo r  op t imum p l a n t  g r o w t h  w i t h o u t  a d d i t i o n a l  i n p u t  o f  S 
f rom o t h e r  s o u r c e s  s u c h  a s  f e r t i l i z e r s  a n d  p r e c i p i t a t i o n  ( M c L a r e n ,  1975,  
s o u t h - e a s t  S c o t l a n d ;  S c o t t  a n d  M u n r o ,  1979, n o r t h  S c o t l a n d ) .  R a in fa l l  
p r o b a b l y  c o n t r i b u t e s  10-15 k g  S h a -1 y r -1 to  S c o t t i s h  so i l s  ( S c o t t ,
1976) .
(b ) Form in soil
Soil S may b e  d i v i d e d  i n t o  tw o  f r a c t i o n s  -  o r g a n i c  a n d  i n o r g a n i c  -  
w hic h  a r e  in  d y n a m ic  e q u i l i b r i u m  w i th  e a c h  o t h e r .  T h e s e  f r a c t i o n s  may 
be  f u r t h e r  s u b d i v i d e d  ( M e t s o n ,  1979):
1. O rgan ic  (90% of  total S )
i n d i r e c t l y
H i - r e d u c i b l e  S (50% of  o r g a n i c  S -  b o n d e d  to  c a r b o n ,  l a r g e l y  
e s t e r  s u l p h a t e s ) ;
c a r b o n - b o n d e d  S (50% of  o r g a n i c  S -  i n c l u d e s  t h e  f r a c t i o n  r e d u c i b l e  
b y  R a n e y  n i c k e l  w h ic h  e x i s t s  ma in ly  in  amino a c i d s  a n d  c o n t r i b u t e s  
56% of  C - b o n d e d  S -  30% t o t a l  soi l S ( F r e n e y  et a l . ,  1 9 7 0 ) ) .
2. In o rgan ic  (10% o f  total S )  
p r i m a r y  m in e r a l  S;
e le m e n ta l  S ( a  b r i e f  i n t e r m e d i a r y  in  m ic ro b ia l  t r a n s f o r m a t i o n s ) ;
s u l p h i d e - S  ( p a r t i c u l a r l y  common in r e d u c i n g  c o n d i t i o n s ) ;
o c c l u d e d  s u l p h a t e - S  ( C a S O 4 c o p r e c i p i t a t e d  w i th  C a C 0 3, c a n  b e  
u p  to  95% o f  t o t a l  soil  S in  c a l c a r e o u s  so i l s  (Will iams a n d  S t e i n b e r g s ,  
1964) ) ;
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i n s o l u b l e  s u l p h a t e - S  ( e . g .  p r e c i p i t a t e d  a s  B a  s u l p h a t e  a n d  
co m p lex  b a s i c  Fe o r  A1 s u l p h a t e s ) ;
w a t e r  s o lu b l e  s u l p h a t e - S  ( v e r y  l i t t l e  in  well  d r a i n e d  s i t e s ) ;  
s u l p h a t e - S  a d s o r b e d  o n to  soi l  c o l lo id s .
T h e  a d s o r b e d  s u l p h a t e - S  is  t h e  form t h a t  i s  c h i e f l y  a v a i l a b l e  
to  p l a n t s  w h i c h  c o n c e n t r a t e  i t  so  t h a t  S is  p r e s e n t  in  m a c r o - n u t r i e n t  
q u a n t i t i e s  a l t h o u g h  p r e s e n t  in  so i l s  o n l y  a t  t r a c e  l e v e l s .
(c )  A d so rp t ion  on soil su r fa ce s
S in ce  soi l i s  a  h e t e r o g e n e o u s  medium t h e  a d s o r p t i o n  o f  m o l y b d a t e  
a n d  s u l p h a t e  a n i o n s ,  l ike  t h a t  o f  C u  c a t i o n s ,  i s  c o m p l e x  a n d  n o t  e a s i l y  
mode l led a n d  u n d e r s t o o d .  F a c t o r s  c o n t r i b u t i n g  t o  t h i s  c o m p l e x i t y  a r e  
t h e  i n v o l v e m e n t  o f  b o t h  s p e c i f i c  a n d  n o n - s p e c i f i c  a d s o r p t i o n  on soil  
o x i d e s ,  c l a y  m i n e r a l s  a n d  OM, i n t e r a c t i o n s  w i th  o t h e r  i o n s  ( s e e  p a g e  3 6 ) ,  
a n d  t h e  e x i s t e n c e  o f  a slow a d s o r p t i o n  r e a c t i o n  a f t e r  t h e  i n i t i a l  r a p i d  
one  ( B a r r o w ,  1973) .  T h e  o r d e r  o f  s p e c i f i c  a d s o r p t i o n  f o r  a n i o n s  is 
P 0 43- > MoCh2-  > SC\2-  > Cl" > N 0 3~ ( P a r f i t t ,  1978) .
T h e  m o s t  i m p o r t a n t  s u r f a c e s  f o r  a d s o r p t i o n  a r e  t h o s e  o f  F e ,  A1 
a n d  Mn o x i d e s  in  w h a t e v e r  fo rm  t h e y  a r e  p r e s e n t ,  a s  f r e e  o x i d e s  o r  
h y d r o x i d e s ,  a s  s u r f a c e  c o a t i n g s  o r  w i th in  a  c r y s t a l  l a t t i c e  (Mo -  P a r f i t t ,  
1978; S -  C h a o  et a l . ,  1962) .  S c o t t  ( 1976) o b s e r v e d  F e  o x i d e s  to  b e  
t h e  major  a d s o r b e n t  f o r  s u l p h a t e ,  p o s s i b l y  d u e  to  t h e  f o r m a t io n  of  
b i n u c l e a r  b r i d g i n g  c o m p le x e s  ( P a r f i t t ,  1978) .  J o n e s  a n d  Sm i th  (1972)  
a lso f o u n d  Fe  o x i d e s  to  be  t h e  m ajo r  a d s o r b e n t  f o r  m o l y b d a t e  b u t  McKenzie  
( 1983) c o u l d  f i n d  n o  e v i d e n c e  f o r  t h i s ,  t h e  a m o u n t  o f  a d s o r p t i o n  d e p e n d e d  
solely  on  t h e  a v a i l a b l e  s u r f a c e  a r e a .
T h e  m e c h a n i s m  of  s p e c i f i c  a d s o r p t i o n  i s  m o s t  p r o b a b l y  l i g a n d  
e x c h a n g e  o f  t h e  a n io n  with  a h y d r o x y l  g r o u p  ( C h a o  et a l . , 1962;
H i n g s t o n  et a !.,  1972) ,  a l t h o u g h  fo r  s u l p h a t e  t h e  f o r m a t i o n  o f  com plex
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in s o lu b le  Fe o r  A1 h y d r o x y s u l p h a t e s  ( a l u n i t e ,  b a s a l u m i n i t e )  h a s  b e e n  
p r o p o s e d  ( A d a m s  a n d  R a w a j f i h ,  1977; Wolt , 1981) .  A s  t h e  pH of  t h e  
sy s t e m  i n c r e a s e s  a n d  t h e  a m o u n t  o f  p o s i t i v e  c h a r g e  on  t h e  o x id e  s u r ­
fa c e s  d e c r e a s e s  so  a d s o r p t i o n  o f  t h e  a n i o n s  will d e c r e a s e  (Mo -  K a r im ia n  
a n d  C o x ,  1978; S -  H a r w a r d  a n d  R e i s e n a u e r ,  1966) .
Maximum a d s o r p t i o n  o f  m o l y b d a t e  a n d  s u l p h a t e  o c c u r s  c lo se  to 
t h e  p K a o f  t h e  a s s o c i a t e d  a c i d  -  p K 2 H 2S 0 4 = 1 . 9 ,  p K x H 2MoOit = 3 . 6 ,  
p K 2 H 2M o 0 lt = 4 . 2  ( H i n g s t o n  et a !.,  1968) .  T w o  t h e o r i e s  h a v e  b e e n  
p r o p o s e d  to  e x p l a i n  t h i s ,  e i t h e r  t h a t  a t  t h i s  pH t h e  e n e r g y  r e q u i r e d  
to r e m o v e  o n e  p r o t o n  from t h e  a c id  is  a t  a minimum ( H i n g s t o n  et a l . ,
1972) o r  t h a t  a t  t h i s  pH t h e  b a l a n c e  b e t w e e n  t h e  p o s i t i v e  p o t e n t i a l  
c h a r g e  on  t h e  a d s o r b i n g  s u r f a c e  a n d  t h e  n e g a t i v e  c h a r g e  o f  t h e  a n i o n s  
is opt imal  ( B o w d e n  et a l . ,  19 7 7 ) .  A s  t h e  p K 2 of  H ^ O ^  is  v e r y  low,
SOit2~ will b e  t h e  p r e d o m i n a n t  s p e c i e s  in  t h e  soi l  s o l u t i o n ,  w h e r e a s  f o r  
m o ly b d a te  w i th  h i g h e r  p K a v a l u e s ,  t h i s  will n o t  b e  so  a n d  t h e  ion will 
b e  i n v o l v e d  in  s e v e r a l  s p e c i e s  -  HMoO^- , MoO^2 - , p a r a m o l y b d a t e  Mo70 246~ 
( R e y e s  a n d  J u r i n a k ,  1967) a n d  e v e n  (Mo2O s( O H ) ) + a t  low pH (M c K e n z ie ,  
1983); so  a d s o r p t i o n  c a n  o c c u r  o n t o  n e g a t i v e l y  a s  well  a s  p o s i t i v e l y  
c h a r g e d  s u r f a c e s  ( B a r r o w ,  1975) .
T h e  a d s o r p t i o n  of  m o l y b d a t e  a n d  s u l p h a t e  i s  n o t  a d e q u a t e l y  
d e s c r i b e d  b y  t h e  L a n g m u i r  o r  F r e u n d l i c h  i s o t h e r m s ,  a l t h o u g h  b o t h  
h a v e  b e e n  u s e d  ( e . g .  Mo, L a n g m u i r  -  B a r r o w ,  1970; Mo, F r e u n d l i c h  -  
Karimian  a n d  C o x ,  1978; S ,  L a n g m u i r  -  A y lm o re  et a I ., 1967; S ,  
F r e u n d l i c h  -  C h a o  et a l ., 1962) .  A b e t t e r  model  to  d e s c r i b e  an io n  
a d s o r p t i o n  is  t h a t  o f  B o w d e n  et a l . ( 1977, 1980) w h ic h  t a k e s  i n t o  a c c o u n t  
t h e  a l t e r a t i o n  o f  s u r f a c e  c h a r g e  o f  t h e  a d s o r b e n t  w i th  a d s o r p t i o n  a n d  
al lows t h e  a d s o r b e d  ion to  lie w i th in  t h e  S t e r n  l a y e r .
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H y s t e r e s i s - l i k e  e f f e c t s  h a v e  b e e n  o b s e r v e d  b e t w e e n  t h e  a d s o r p t i o n  
a n d  d e s o r p t i o n  o f  m o l y b d a t e  a n d  s u l p h a t e  a n d  t h e  e x i s t e n c e  of  e n e r g e t i c ­
al ly d i f f e r e n t  s i t e s  fo r  a d s o r p t i o n ,  w i th  s low c o n v e r s i o n  of  t h e  an io n  to  
an  u n a v a i l a b l e  form h a s  b e e n  p r o p o s e d  (Mo -  B a r r o w  a n d  S h a w ,  1974,
1975; S -  A y lm o re  e f  al . , 1967) .
2 .6  P l a n t  s u l p h u r
T h e  main  s o u r c e  of  p l a n t  S i s  t h a t  t a k e n  u p  fr om  t h e  soil  a s  t h e  
s u l p h a t e  a n i o n  in  a n  a c t i v e  p r o c e s s ,  t h e  m e c h a n i s m  of  w h ic h  i s  n o t  
k n o w n  ( M e n g e l  a n d  K i r k b y ,  1982) .  T h e  s u l p h a t e  may b e  d e r i v e d  from 
m i n e r a l i z a t i o n ,  f rom i n o r g a n i c  f e r t i l i z e r s ,  a n d  in  p a r t  f r om  a t m o s p h e r i c  
d e p o s i t i o n .  D i r e c t  fo l ia r  u p t a k e  o f  S f rom t h e  a t m o s p h e r e  a l so  o c c u r s  
a n d  t h e  t o t a l  q u a n t i t y  o f  a t m o s p h e r i c  S a b s o r b e d  d i r e c t l y  a n d  i n d i r e c t l y  
r e p r e s e n t s  a s i g n i f i c a n t  f r a c t i o n  o f  t h e  S i n p u t s  to  p l a n t s  in  t h e  U . K .  
(C ow l ing  a n d  J o n e s ,  1970; J o n e s  e f  a / . ,  1972; K e r r ,  1981) .  T h i s  
p r o p o r t i o n  h a s  i n c r e a s e d  a s  t h e  S c o n t e n t  o f  f e r t i l i z e r s  h a s  d e c l i n e d ,  
b e c a u s e  o f  t h e  r e p l a c e m e n t  o f  am monium s u l p h a t e  a n d  s i n g l e  s u p e r p h o s ­
p h a t e  b y  o t h e r  f o r m s .
S h a s  r e s t r i c t e d  m obi l i ty  in  p l a n t s  ( B o u m a ,  19 7 5 ) .  T r a n s l o c a t i o n  
of  S w i th in  t h e  p l a n t  is  ma in ly  u p w a r d s  ( a c r o p e t a l ) ;  v e r y  l i t t le  i s  m o v e d  
down (M e n g e l  a n d  K i r k b y ,  1982) .
3. HILL LAND IMPROVEMENT
O n e - t h i r d  of  B r i t a i n ' s  a g r i c u l t u r a l  a r e a  l i e s  in  t h e  h i l l s  a n d  u p l a n d s ,  
y e t  t h e s e  r e g i o n s  c o n t r i b u t e  <10% o f  t o t a l  a g r i c u l t u r a l  p r o d u c t i o n  ( J o n e s ,  
1978) .  F i v e  f a c t o r s  a r e  r e s p o n s i b l e  fo r  t h i s  l im i ted  o u t p u t  -  c l im a te ,
s i t e ,  soi l ,  v e g e t a t i o n  a n d  m a n a g e m e n t  ( r e v i e w e d  in H F R O ,  1979) .  T h e  
l a s t  t h r e e ,  b u t  n o t  t h e  f i r s t  tw o  of  t h e s e  f a c t o r s ,  c a n  b e  m od i f i ed  to
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a c h i e v e  s i g n f i c i a n t  i n c r e a s e s  in  o u t p u t  ( H F R O ,  1979) a s  in t h e  t w o -  
p a s t u r e  s y s t e m  ( E a d i e ,  1971, 1978) .  T h e  ' t w o - p a s t u r e '  s y s t e m  is  a 
g r a z i n g  m a n a g e m e n t  p l a n  in  w h ic h  small  a r e a s  o f  i m p r o v e d  h i l l  p a s t u r e  
a r e  u t i l i z e d  s t r a t e g i c a l l y  a t  n u t r i t i o n a l l y  c r i t i c a l  t im e s  d u r i n g  t h e  s h e e p ' s  
a n n u a l  c y c l e  o f  p r o d u c t i o n .
(a) Hill so ils
U . K .  hi l l  soi l s  c a n  b e  d i v i d e d  in t o  f o u r  main  g r o u p s ,  e a c h  a s s o c ­
i a t e d  w i th  a  c h a r a c t e r i s t i c  i n d i g e n o u s  v e g e t a t i o n  ( s e e  T a b l e  1 . 2 ) .
T a b l e  1 .2 :  T h e  main hi l l  soi l  a n d  v e g e t a t i o n  t y p e s  in  t h e  U . K .
Soil t y p e Soil c h a r a c t e r i s t i c pH Ve g e t a t i o n
B r o w n  e a r t h M inera l  so i l s  o f  go o d  
s t r u c t u r e
5 . 2 - 5 . 5  
4 . 6 - 5 . 2
A c id  g r a s s l a n d  
( s p e c i e s  r i c h )
A c id  g r a s s l a n d  
( s p e c i e s  p o o r )
G l e y s ,  p e a t y  
g l e y s
I m p e d e d  d r a i n a g e 4 .0  -  5 .2 G r a s s  h e a t h
P o d z o l s ,  p e a t y  
p o d zo l s
H ig h ly  l e a c h e d  soil  
o f  p o o r  s t r u c t u r e
3 . 8 - 4 . 5 S h r u b  h e a t h
B l a n k e t  p e a t <4.0 B o g
( a f t e r  N e w b o u l d ,  1976; N e w b o u l d  a n d  F l o a t e ,  1979)
More d e t a i l e d  d e s c r i p t i o n s  o f  t h e s e  soi l t y p e s  c a n  b e  f o u n d  in  P y a t t  
( 1970) ,  F lo a te  ( 1977) o r  Bal l  ( 1978) .
Hill  so i l s  a r e  c h a r a c t e r i z e d  b y  h a v i n g  a p o o r  p h y s i c a l  s t r u c t u r e ,  
low pH a n d  h i g h  OM c o n t e n t  w h ic h  l e a d  to  low l e v e l s  o f  a v a i l a b le  n u t r i e n t s  
b e c a u s e  o f  f i x a t i o n  o f  n u t r i e n t s  on  Fe a n d  A1 o x i d e s  a n d  slow r a t e s  
of m in e r a l i z a t i o n  of OM ( H F R O ,  1979; N e w b o u l d  a n d  F l o a t e ,  1979) .  T h e  
low n u t r i e n t  s t a t u s  of  t h e  soi l t o g e t h e r  w i th  t h e  f r e q u e n t l y  p o o r  d r a i n a g e
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a n d  s h o r t  g r o w i n g  s e a s o n  of  h i l l  s i t e s  g i v e s  r i s e  to  i n d i g e n o u s  v e g e t a ­
t ion t h a t  is  o f  p o o r  q u a l i t y  -  low DM p r o d u c t i o n  a n d  low d i g e s t i b i l i t y  
(HFRO, 1979) .
(b )  T e ch n iq ue s  o f  improvement
T h e  o b j e c t i v e  of  hil l l a n d  i m p r o v e m e n t  i s  to  r a i s e  t h e  q u a l i t y  
of  t h e  hil l p a s t u r e , u s u a l l y  b y  a m e l io r a t io n  of  t h e  soi l  a n d  i n t r o d u c t i o n  
of  more  p r o d u c t i v e  p l a n t  s p e c i e s .  T h e  t e c h n i q u e  o f  i m p r o v e m e n t  u s e d  
may r a n g e  from t h e  p r o v i s i o n  o f  a  f e n c e  o n ly  to  fu l l  c u l t i v a t i o n  wi th  
f e r t i l i z e r  a p p l i c a t i o n s  a n d  s p e c i e s  r e p l a c e m e n t  -  r e s e e d in g ; t h e  m e t h o d  
u s e d  in  a g i v e n  s i t u a t i o n  will d e p e n d  on  s o i l , v e g e t a t i o n , s i t e  a n d  f i n a n c i a l  
c o n s i d e r a t i o n s .
T h e  b a s i c  p r o c e d u r e s  o f  r e s e e d i n g ,  p r i o r  to  s o w i n g  t h e  n e w  s p e c i e s ,  
a r e :  e n c l o s u r e  o f  t h e  a r e a ;  r e m o v a l  o f  t h e  e x i s t i n g  v e g e t a t i o n  b y  
g r a z i n g ,  p l o u g h i n g ,  b u r n i n g  o r  h e r b i c i d e  a p p l i c a t i o n ;  t h e  a d d i t i o n  
of  P (3 0 -8 0  k g  h a - 1 ) ;  t h e  a d d i t i o n  o f  lime ( 2 . 5 - 7 . 5  t  h a - 1 ) to  r e d u c e  
A1 t o x i c i t y ,  a n d  to  r a i s e  t h e  soi l  pH to  a  v a l u e  f a v o u r a b l e  f o r  t h e  g r o w t h  
of  i m p r o v e d  s p e c i e s  ( i . e .  S 5 . 5 ) ;  a n d  d r a i n a g e ,  w h i c h  may b e  u n d e r t a k e n  
i f  n e c e s s a r y .  A t  o r  n e a r  t h e  t ime o f  s o w i n g ,  f u r t h e r  f e r t i l i z e r  a p p l i c a ­
t i o n s  will b e  m a d e :  N (4 0 -100  k g  h a - 1 ) ,  P ( 4 0 - 6 0  k g  h a - 1 ) a n d  K ( 6 0 -  
120 k g  h a - 1 ) -  w h ic h  is  e s p e c i a l l y  n e c e s s a r y  o n  p e a t s .  T h e  n e w  s p e c i e s  
sown a r e  m os t  commonly  a  m i x t u r e  o f  p e r e n n i a l  r y e g r a s s  ( Lolium pe renne )  
a n d  w h i te  c l o v e r  ( Trifolium r e p e n s ) ,  b u t  small  a m o u n t s  o f  c o c k s f o o t  
( Dacty l is  g lom erata ) ,  t i m o th y  ( Phleum  p ra te n se ) o r  r e d  f e s c u e  ( Fe stuca  
r u b r a ) may a l so  be  i n c l u d e d .  T h e  s u b j e c t  o f  hi l l  l a n d  i m p r o v e m e n t  h a s  
b e e n  r e v i e w e d  b y  N e w b o u ld  ( 1 9 7 4 / 7 5 ,  1976) .
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3 .1  E f f e c t s  o f  hi ll  i m p r o v e m e n t  o p e r a t i o n s  
• (a) Cultivation
C u l t i v a t i o n  of  t h e  a r e a  to  b e  r e s e e d e d  i s  u s e d  to  r e d u c e  c o m p e t i ­
t ion  from i n d i g e n o u s  s p e c i e s  a n d  to  p r o v i d e  a  s u i t a b l e  s e e d  b e d ,  b u t  
i t  may n o t  a l w a y s  b e  c a r r i e d  o u t  d u e  to  c o s t  o r  s i t e  l im i t a t i o n s  -  e . g .  
d r a i n a g e ,  s l o p e  o r  a c c e s s .  W here  c u l t i v a t i o n  i s  p e r f o r m e d ,  i t  will d i s ­
t r i b u t e  n u t r i e n t s  a n d  o r g a n i c  m a t t e r  m ore  e v e n l y  w i t h i n  t h e  s u r f a c e  so i l .
7. O rgan ic  matter 
O rgan ic  matter a n d  copper:
T h e  s t r o n g  a f f i n i t y  b e t w e e n  C u  a n d  OM h a s  b e e n  well  r e v i e w e d  
b y  S t e v e n s o n  a n d  A r d a k a n i  ( 1972) a n d  S t e v e n s o n  a n d  F i t c h  ( 1 9 8 1 ) .  
C o p p e r  d e f i c i e n c y  i s  com monly  f o u n d  a s s o c i a t e d  w i t h  soi ls  o f  h i g h  OM 
c o n t e n t  ( e . g .  P i z e r  et a l . ,  1966) . T h e  m a j o r i t y  o f  C u  p r e s e n t  in  soil  
s o lu t i o n s  i s  c o m p l e x e d  w i th  OM ( S a n d e r s ,  1982) ( u p  t o  99% in c a l c a r e o u s  
soil ( H o d g s o n  et a l.,  1 9 6 6 ) ) ;  t h e  a m o u n t  o f  c o m p l e x i n g  i n c r e a s e s  
with  i n c r e a s i n g  pH u p  to  a p o i n t  a t  w h ic h  t h e  c o m p l e x e s  b r e a k  dow n  
(M cB r ide  a n d  B l a s i a k ,  1979; S a n d e r s  a n d  B lo o m f ie ld ,  1980; S a n d e r s ,
1982) .  C u  c o m p l e x e d  w i th  OM of  m o le c u la r  w e i g h t  <1000 is m uch  more  
r e a d i l y  a v a i l a b l e  to  p l a n t s  t h a n  t h a t  c o m p l e x e d  w i th  OM of  m o le c u la r  
w e ig h t  >5000 ( M e r c e r  a n d  R i c h m o n d ,  1970) ,  p o s s i b l y  b e c a u s e  of  w e a k e r  
l i n k a g e  o r  l a c k  o f  s t e r i c  h i n d r a n c e  ( P e t r u z z e l l i  a n d  G u i d i ,  1976) .
O rgan ic  matter and  molybdenum:
A c lo s e  r e l a t i o n s h i p  b e t w e e n  soi l OM a n d  Mo c o n t e n t  h a s  b e e n  
d e m o n s t r a t e d  (K a r im ia n  a n d  C o x ,  1978) w h ic h  is  a t t r i b u t e d  to t h e  a d s o r p ­
t ion of  t h e  Mo5+ c a t i o n ,  f o r m e d  b y  r e d u c t i o n  o f  Mo042-  b y  OM ( S z a l a y  
a n d  S z i l a g y i ,  1968) .  It  h a s  r e c e n t l y  b e e n  o b s e r v e d  t h a t  Mo(V) c a n  b e  
f u r t h e r  r e d u c e d  to  M o(I II )  b y  soi l OM (G o o d m a n  a n d  C h e s h i r e ,  1982)
20.
a n d  t h i s  may  a l so  h a v e  a ro l e  in  Mo-OM c o m p l e x a t i o n . T h e  e f f e c t  t h a t  
t h e  a s s o c i a t i o n  of  Mo a n d  OM h a s  on t h e  a v a i l a b i l i t y  o f  Mo to  p l a n t s  
is  n o t  fu l ly  u n d e r s t o o d  b e c a u s e  o f  i n t e r a c t i o n s  w i th  o t h e r  f a c t o r s  s u c h  
as  p H ,  d r a i n a g e  a n d  m i c r o - o r g a n i s m s .
S u lp h u r  m ineralization:
(Mineralization  i s  t h e  c o n v e r s i o n  o f  c o m p le x  o r g a n i c  molecu les  
b y  m i c r o o r g a n i s m s  in to  s i m p le r  f o r m s  w h ic h  c a n  b e  a b s o r b e d  b y  p l a n t s . )
In  h u m i d  r e g i o n s ,  o v e r  90% o f  t o t a l  soi l  S m ay  b e  p r e s e n t  in o r g a n i c  
fo rm s  ( H a q u e  a n d  Walmsley,  1972;  S c o t t  a n d  A n d e r s o n ,  1976) .  T h e  
C : N : S r a t i o  of  soi l s  is  r e m a r k a b l y  c o n s t a n t  -  e . g .  140 : 10 : 1 .4  (Williams 
et al. , 1960) , 100 : 10 : 1 .8  ( J o n e s  et al. , 1972) a n d  114 : 10 : 1 .4  (Lee  
a n d  S p e i r ,  1979) ,  b u t  t h e  r a t e s  o f  m i n e r a l i z a t i o n  o f  N a n d  S d i f f e r  
( F r e n e y  et a l ., 1962; T a b a t a b a i  a n d  B r e m n e r , 19 7 2 ) .  T h e  m a g n i t u d e  
of  t h e  d i f f e r e n c e  will v a r y  w i th  t h e  soil  (Wil l iams,  1967b;  F r e n e y  et al ., 
1971) .  In  t h e  s h o r t - t e r m ,  b o t h  f a s t e r  r a t e s  o f  m i n e r a l i z a t i o n  o f  N 
r e l a t i v e  to  S ( e . g .  Williams, 1967b;  S w i f t ,  1977) a n d  s l o w e r  r a t e s  ( e . g .  
T a b a t a b a i  a n d  A l - K h a f a j i ,  1980) h a v e  b e e n  o b s e r v e d .  I n  t h e  l o n g  t e r m ,  
b o t h  N a n d  S a p p e a r  to  b e  m i n e r a l i z e d  in  t h e  sa me  r a t i o  a s  t h e y  a r e  
p r e s e n t  in OM (Will iams,  1967a) .  T h e  p a t t e r n  t h a t  S m in e r a l i z a t io n  
follows will a l so  v a r y  b e t w e e n  so i l s  a n d  s e e m s  to  b e  r e l a t e d  to  t h e  v a r i e d  
n a t u r e  of  d e c o m p o s i n g  soi l OM r a t h e r  t h a n  to  a n y  o t h e r  soi l p r o p e r t y  
( F r e n e y  a n d  S w a b y ,  1975) .
T h e  r a t e  o f  m in e r a l i z a t io n  i s  a f f e c t e d  b y  f a c t o r s  w h ic h  i n f l u e n c e  
microbia l  a c t i v i t y .
pH  -  t h e  a d d i t i o n  of  lime i n c r e a s e s  t h e  r a t e  ( e . g .  E l le t t  a n d  Hil l ,
1929; P r o b e r t ,  1976) .
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Temperature  -  i n c r e a s i n g  t e m p e r a t u r e  i n c r e a s e s  t h e  r a t e ,  a n d  
t e m p e r a t u r e s  a b o v e  20°C a r e  t h e  m os t  f a v o u r a b l e  (Wil liams,  1967b;
Lee a n d  S p e i r ,  1979; K e r r ,  1981) .
OM  -  b o t h  form a n d  a m o u n t  a r e  s i g n i f i c a n t ;  t h e  h i g h e r  t h e  OM 
c o n t e n t  o f  t h e  soi l t h e  m ore  r a p i d  t h e  r a t e  i s  ( H a r w a r d  et at., 1962) .  
McL aren a n d  Swif t  ( 1977) o b s e r v e d  t h a t  a l t h o u g h  75% of  t h e  S m i n e r a l ­
ized  came from t h e  C - b o n d e d  o r g a n i c  S f r a c t i o n ,  i t  was t h e  H l - r e d u c i b l e  
o r g a n i c  S t h a t  w as  more  i m p o r t a n t  in  s h o r t - t e r m  m i n e r a l i z a t i o n ,  t h e  
C - b o n d e d  S w a s  c o n v e r t e d  to  H l - r e d u c i b l e  S p r i o r  to  m i n e r a l i z a t i o n .
Aeration/w ater content  -  a s  o x y g e n  s u p p l y  d e c r e a s e s  so t h e  
r a t e  d e c r e a s e s .  Soil w a t e r  c o n t e n t s  <15% a n d  >40% w e r e  f o u n d  to  b e  
u n f a v o u r a b l e  (Wil liams,  19 6 7 b ) .
D r y i n g  a n d  rewetting  -  w h e n  so i l s  a r e  d r i e d  a n d  t h e n  m o i s t e n e d  
t h e  r a t e  i n c r e a s e s ,  p r o b a b l y  d u e  to  t h e  B i r c h  e f f e c t  (Will iams,  1967b;  
K e r r ,  1981) ,  b u t  p h y s i c o - c h e m i c a l  p r o c e s s e s  m ay  a l so  b e  i n v o l v e d .
( T h e  'B i r c h  effect ' i s  g e r m i n a t i o n  o f  d e s i c c a t e d  b a c t e r i a l  s p o r e s ,  a n d  
s u b s e q u e n t  m u l t ip l i c a t io n  o f  t h e  b a c t e r i a ,  w h i c h  o c c u r s  w h e n  a  d r i e d  
soil i s  r e w e t t e d .  T h e  y o u n g  m ic r o b ia l  p o p u l a t i o n  h a s  a  h i g h  r a t e  of  
metabol ic  a c t i v i t y  a n d  e n z y m e  p r o d u c t i o n ,  l e a d i n g  to  r a p i d  r a t e s  of  
m in e ra l i z a t i o n  o f  OM ( B i r c h ,  1 9 5 8 ) ) .
The p re sen ce  o f  p lants  -  b o t h  i n c r e a s i n g  ( F r e n e y  a n d  S p e n c e r ,  
I960;  C o w l in g  a n d  J o n e s ,  1972) a n d  d e c r e a s i n g  r a t e s  ( B a r r o w ,  1967; 
J o n e s  et a l . , 1972) h a v e  b e e n  o b s e r v e d .
In some s u r f a c e  s o i l s ,  e s t e r  s u l p h a t e  ( H l - r e d u c i b l e  o r g a n i c  S) 
can  a c c o u n t  fo r  a b o u t  50% of  t o t a l  soi l S ( T a b a t a b a i  a n d  B r e m n e r ,  1 972b) ;  
so i t  h a s  b e e n  p r o p o s e d  t h a t  s u l p h a t a s e  e n z y m e s  may p l a y  an  i m p o r t a n t
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role  in soil  o r g a n i c  S m i n e r a l i z a t i o n  ( T a b a t a b a i  a n d  B r e m n e r ,  1970) ,  
b u t  t h e  o b s e r v e d  r a t e s  of  r e l e a s e  o f  S b y  m i n e r a l i z a t i o n  a r e  m uch  lower  
t h a n  t h o s e  t h e o r e t i c a l l y  p o s s i b l e  f rom c a l c u l a t i o n s  b a s e d  on a r y l  s u l p h a t ­
a se  a c t i v i t y  in  t h e  l a b o r a t o r y  ( F r e n e y  a n d  S w a b y ,  1975) .  P o ss ib le  
r e a s o n s  f o r  t h i s  d i s c r e p a n c y  i n c l u d e :  n o n - i d e a l  c o n d i t i o n s  in  t h e  f i e ld ,
microb ia l  i n t e r f e r e n c e ,  t h e  n o n - o c c u r r e n c e  o f  s p e c i f i c  s u l p h a t a s e  e n z y m e s  
in t h e  soil  ( g e n e r a l  soi l e n z y m e s  b e i n g  r e s p o n s i b l e  fo r  t h e  b r e a k d o w n  of  
e s t e r - s u l p h a t e s ) , a r y l  s u l p h a t a s e s  may n o t  o c c u r  in  t h e  so i l ,  t h e  s u l p h a t e  
g r o u p  is  in  a  p o s i t i o n  i n a c c e s s i b l e  to  t h e  e n z y m e s  o r  t h e  e n v i r o n m e n t  
in  w hich  i t  i s  h e l d  ( e . g .  on c l a y s )  i n h i b i t s  e n z y m e  a c t i v i t y  ( F r e n e y  a n d  
S w a b y ,  1975) .
I t  h a s  b e e n  o b s e r v e d  q u i t e  f r e q u e n t l y  t h a t  m in e r a l i z a t i o n  a lone  
is i n s u f f i c i e n t  to  m ee t  p l a n t  S r e q u i r e m e n t s  w h e n  immobil iza t ion a n d  
v o la t i l i z a t io n  of  soil  S a r e  a l so  c o n s i d e r e d  ( e . g .  H a r w a r d  et a l . , 1962;
K e r r ,  1981) a n d  a t m o s p h e r i c  S i n p u t s  t o  soil  a n d  p l a n t s  a r e  i m p o r t a n t  
( s e e  p a g e  13 ) .
2 . Micr oorqan isms
C u l t i v a t i o n  a n d  t h e  d i s t u r b a n c e  o f  soi l  OM m ay  s t im u la t e  soil  
mic robia l  a c t i v i t y .  Soil m i c r o o r g a n i s m s  c a n  a f f e c t  t h e  a v a i l a b i l i t y  a n d  
so lu b i l i ty  o f  soi l t r a c e  e l e m e n t s  d i r e c t l y  b y  a l k y l a t i o n  ( c h e l a t i o n ) ,  a l t e r a ­
t ion  of  v a l e n c y  s t a t e  a n d  t h e  u p t a k e  a n d  i n c o r p o r a t i o n  o f  t r a c e  e l e m e n t s  
in to  the  ce l l ;  a n d  i n d i r e c t l y  b y  t h e  s y n t h e s i s  o f  e x t r a c e l l u l a r  microb ia l  
m e t a b o l i t e s ,  t h e  s e c o n d a r y  s y n t h e s i s  of  h i g h  m o le c u la r  w e i g h t  hum ic  
s u b s t a n c e s  a n d  v ia  c h a n g e s  in  soi l pH a n d  E h  ( C a t a l d o  a n d  W i ldung ,
1983) .
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M icroorgan ism s and  copper  a va i la b i l i t y :
M y c o r r h i z a l  f u n g i  h a v e  b e e n  o b s e r v e d  to  i n c r e a s e  t h e  Cu  u p t a k e  
of  p l a n t s  ( L a m b e r t  et a!.,  1979; G i ldon  a n d  T i n k e r ,  1983) a n d  t h i s  
h a s  b e e n  d e m o n s t r a t e d  to  b e  n o t  m e r e l y  b e c a u s e  o f  e n h a n c e d  p l a n t  
g r o w t h  d u e  to  r a i s e d  P c o n t e n t  o f  t h e  p l a n t  ( G i l d o n  a n d  T i n k e r ,  1983) .
It i s  p r o b a b l e  t h a t  Cu  is  a b s o r b e d  a n d  t r a n s l o c a t e d  b y  t h e  f u n g i  in 
a  s imilar  m a n n e r  to  P .
M icroorgan ism s and  molybdenum  a va i lab i l it y :
R h i z o s p h e r e  o r g a n i s m s  a p p e a r  to  e n c o u r a g e  t h e  p l a n t  u p t a k e  
o f  Mo. T h e  m a g n i t u d e  of  t h e  e f f e c t  d e p e n d s  on soi l  t y p e ,  a n d  t h e  
o r g a n i s m s  may al so c a u s e  r e l e a s e  o f  some of  t h e  u n a v a i l a b l e  soil  Mo 
( C h e n g  a n d  O u e l l e t t e ,  1973) .  M i c r o b e s  m ay  a l s o  r e d u c e  t h e  a m o u n t  o f  
Mo a v a i l a b le  fo r  p l a n t  u p t a k e  b y  f o r m i n g  M o -C u  c o m p l e x e s  in  t h e i r  
ce l l s  ( F l e m i n g ,  1980) .
M icroorgan ism s and  su lp h u r  a va i la b i l i t y :
See S m i n e r a l i z a t i o n .
• (b )  D ra inage
T h e  d r a i n a g e  s t a t u s  o f  a  soi l  h a s  b e e n  d e s c r i b e d  a s  " th e  mos t  
i m p o r t a n t  p e d o lo g ic a l  f a c t o r  in  S c o t t i s h  so i l s  i n f l u e n c i n g  t r a c e  e le m e n t  
a v a i l a b i l i t y "  (Mi tche l l  et a l. ,  1 9 5 7 b ) ,  a n d  i s  s a i d  to  d r a m a t i c a l l y  a f f e c t  
t h e  t r a c e  e l e m e n t  c o n t e n t  o f  h e r b a g e ,  p a r t i c u l a r l y  Mo, a s  i n d i c a t e d  
b y  t h e  d a t a  in  T a b le  1 .3  ( o v e r l e a f ) .
I f a  s i t e  is  p a r t i c u l a r l y  p o o r l y  d r a i n e d ,  w a t e r l o g g e d  c o n d i t i o n s  
c a n  d e v e lo p  wi th  a s s o c i a t e d  a n a e r o b i c  a n d  r e d u c i n g  c o n d i t i o n s .  R e d u c i n g  
c o n d i t i o n s  a l t e r  soil c h a r a c t e r i s t i c s  in m a n y  w a y s :  d i s r u p t i o n  of soil
o x id e s  a n d  OM w hich  c a u s e s  b o t h  t h e  d i s p l a c e m e n t  o f  i o n s  f rom e x c h a n g e
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Table  1 .3 :  Soil d r a i n a g e  s t a t u s  a n d  h e r b a g e  c o p p e r  a n d  m o ly b d e n u m
(f ro m  F le m in g ,  1973) .
Soil d r a i n a g e  s t a t u s
C o n c e n t r a t i o n  in  r y e g r a s s  
( m g  k g -1 DM)
Mo Cu
M o d e r a t e l y  f r e e 2 . 2  11
I m p e r f e c t 3 . 1  11
I m p e r f e c t / p o o r 2 .9  12
P oor 3 . 9  14
V e r y  p o o r 13 .0  11
s i t e s  a n d  t h e  d e v e l o p m e n t  o f  n e w  s u r f a c e s  f o r  ion  a d s o r p t i o n ,  so  c a t i o n /  
an ion  b a l a n c e s  a n d  m in e r a l  e q u i l i b r i a  a r e  a l t e r e d ,  a s  a r e  pH a n d  t h e  
sp ec i f ic  c o n d u c t a n c e  a n d  ion ic  s t r e n g t h  o f  t h e  soi l  s o lu t io n  ( P o n n a m p e r u m a , 
1972, 1984) .  P l a n t  g r o w t h  a n d  m i n e r a l  n u t r i t i o n  will t h e r e f o r e  b e  a f f e c t e d j  
n o t  on ly  b e c a u s e  of  t h e  a l t e r e d  n u t r i e n t  a v a i l a b i l i t y  f rom t h e  soil  a n d  
in h i b i t e d  r o o t  e x t e n s i o n ,  b u t  a l s o  b e c a u s e  o f  t h e  p o s s i b l e  a c c u m u l a t i o n  
of  toxic  s u b s t a n c e s ,  s u c h  a s  e t h a n o l  in  t h e  r o o t s  o r  e t h y l e n e ,  o r  o r g a n i c  
acids ,  in t h e  soil  ( D e v i t t  a n d  F r a n c i s ,  1972; N a m b i a r ,  1975) .
In S c o t t i s h  f i e ld  c o n d i t i o n s  i t  i s  u n l i k e l y  t h a t  a  soi l  will b e  c o n ­
t i n u a l l y  w a t e r l o g g e d ,  r a t h e r  i t  will  b e  s u b j e c t  to  c y c l e s  of  w e t t i n g  a n d  
d r y i n g  -  r e d u c t i o n  a n d  o x i d a t i o n .  On  r e - o x i d a t i o n / a e r a t i o n , t h e  a m o r p h o u s  
o x i d e s  p r o d u c e d  b y  t h e  r e d u c i n g  c o n d i t i o n s  will b e c o m e  more c r y s t a l l i n e  
e i t h e r  d e s o r b i n g  meta l  i o n s  t h a t  h a v e  b e e n  a d s o r b e d  u n d e r  t h e  r e d u c i n g  
c o n d i t i o n s  o r  i n c o r p o r a t i n g  t h e m  in t o  t h e  c r y s t a l  l a t t i c e .  R e w e t t i n g  
aga in  ( f u r t h e r  r e d u c i n g  c o n d i t i o n s )  will c a u s e  t h e  o x i d e s  ( a n d  o r g a n i c  
m a t t e r )  to  b r e a k  d o w n ,  p o s s i b l y  r e l e a s i n g  a d s o r b e d  i o n s .  T h e  o v e r a l l  
e f f e c t  of  p e r i o d i c  w a t e r l o g g i n g  in  f ie ld  c o n d i t i o n s  may t h e r e f o r e  b e  
i n c r e a s e d  metal  u p t a k e  b y  p l a n t s  ( I u  et a l . , 1982) .
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Soil water and  copper:
Cu is  n o t  i t s e l f  s u b j e c t  to  o x i d a t i o n / r e d u c t i o n  c h a n g e s  on w a t e r ­
l o g g i n g ,  b u t  i t s  mobi l i ty  w i th in  t h e  soi l a n d  h e n c e  i t s  a v a i l a b i l i t y  to  
p l a n t s  will be  a f f e c t e d  b y  t h e  b r e a k d o w n  of  soi l  o x i d e s  a n d  OM ( J a r v i s ,  
1 9 8 1 a ) . C o n f l i c t i n g  r e p o r t s  e x i s t  a s  to  w h e t h e r  e x t r a c t a b l e  soi l  Cu
i n c r e a s e s  ( e . g .  N g  a n d  B lo o m f ie ld ,  1962; K u b o t a  e t a ! . ,  1963) o ron  w a t e r l o g g i n g
d e c r e a s e s  ( e  . g .  K u b o t a  et a l . , 1963; B a s a k e f o / . ,  1982) .  T h e  
p r e s e n c e  o f  lime ( r a i s e d  p H )  o r  h i g h  OM c o n t e n t  will a l so  a f f e c t  soil 
e x t r a c t a b l e  Cu  c o n t e n t  -  d e c r e a s i n g  i t  d u e  to  t h e  i n t e n s i f i c a t i o n  of  
r e d u c i n g  c o n d i t i o n s  ( e . g .  N g  a n d  B lo o m f ie ld ,  1962; H a i d a r  a n d  M an d a l ,  
1979; Iu  et a l ., 1981; I u ,  19 8 1 ) .  A d e t a i l e d  i n v e s t i g a t i o n  i n t o  t h e  
e f f e c t  of  w a t e r l o g g i n g  on  t h e  d i f f e r e n t  f r a c t i o n s  o f  C u  in  S c o t t i s h  so i l s  
was u n d e r t a k e n  b y  Iu  ( 1 9 8 1 ) .  He d i s c o v e r e d  t h a t  w h e r e a s  t h e  a m o u n t s  
of  s o l u b l e ,  e x c h a n g e a b l e  a n d  o r g a n i c a l l y  b o u n d  C u  d e c r e a s e d  wi th  
w a t e r l o g g i n g  t h e  a m o u n t s  o f  C u  s p e c i f i c a l l y  a d s o r b e d  o r  a d s o r b e d  o n t o  
o x i d e s  i n c r e a s e d .
D i f f e r e n c e s  h a v e  a l s o  b e e n  r e p o r t e d  in  t h e  e f f e c t  t h a t  soil  w a t e r ­
l o g g i n g  h a s  on p l a n t  u p t a k e  o f  c o p p e r  -  i n c r e a s e s  ( e . g .  A d a m s  a n d  
H o n e y s e t t ,  1964) a n d  d e c r e a s e s  ( e . g .  B e c k w i t h  et a l . ,  1975) h a v e  b e e n  
o b s e r v e d .  S p e c i e s  d i f f e r e n c e s  c o u l d  b e  p a r t i a l l y  r e s p o n s i b l e :  Iu  ef
a l . (1982)  f o u n d  t h a t  w h e r e a s  w a t e r l o g g i n g  i n c r e a s e d  Cu  u p t a k e  b y  
F r e n c h  b e a n ,  i t  d e c r e a s e d  i t  in  maize ;  a n d  Mitche l l  et a l . ( 1957b) o b ­
s e r v e d  a 10- fo ld  i n c r e a s e  in  t h e  e x t r a c t a b l e  C u  c o n t e n t  o f  r e d  c l o v e r  
in p o o r l y  d r a i n e d  f i e ld  c o n d i t i o n s ,  w h i l s t  t h a t  o f  PRG was u n a f f e c t e d .  
A n o t h e r  p o s s i b l e  r e a s o n  fo r  t h e  c o n f l i c t i n g  o b s e r v a t i o n s  c o u ld  b e  c o m p e t i ­
t ion fo r  u p t a k e  wi th  Zn ( I u  et a l . , 1982) .
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Soil water a n d  m olybdenum  :
Poor  d r a i n a g e  o r  w a t e r l o g g i n g  o f  a soil  l e a d s  to d r a m a t i c  i n c r e a s e s  
in t h e  e x t r a c t a b l e  Mo l e v e l s  o f  b o t h  t h e  soil  . (N g  a n d  B loom fie ld ,  1962) 
a n d  t h e  t o t a l  Mo l ev e l  of  h e r b a g e  g r o w i n g  in  i t  (M i tche l l  et a l . , 1957b;  
K u b o t a  et a l . ,  1963) .  T h e  r i s e  in  h e r b a g e  Mo l e v e l s  is  d u e  to  i n c r e a s e d  
av a i l a b i l i t y  o f  Mo in  t h e  soi l b e c a u s e  o f  i n c r e a s i n g  s o lu b i l i t y  ( K u b o t a  
et a l.,  1963) ,  r e l e a s e  f rom soi l o x i d e s  a n d  OM a s  t h e y  b r e a k  down 
( N g  a n d  B loom f ie ld ,  1962);  a n d  a l s o  to  e n h a n c e d  m a s s  flow a n d  d i f f u s i o n  
in t h e  soil  s o lu t i o n  (M i tch e l l ,  1971) .
T h e  ro le  o f  OM in  i n c r e a s i n g  Mo a v a i l a b i l i t y  in  w a t e r l o g g e d  soi ls  
is p o o r l y  u n d e r s t o o d ;  some a u t h o r s  c o n s i d e r  i t  i m p o r t a n t  ( e . g .  F l e m in g ,
1980) a n d  o t h e r s  do n o t  ( e . g .  A l l a w a y ,  1977) .  N g  a n d  Bloomfield  
( 1962) o b s e r v e d  t h a t  r e a e r a t i o n  o f  a f l o o d e d  soil  c a u s e d  l e s s  immobil iza­
t io n  of Mo t h a n  w o u ld  h a v e  b e e n  e x p e c t e d  in  a n  o r g a n i c  s y s t e m  a n d  
t h e y  s u g g e s t  t h a t  OM may h a v e  i n h i b i t e d  c o - p r e c i p i t a t i o n  o f  Mo w i th  Fe 
o x i d e s .
Soil water a n d  su lp h u r :
In  w a t e r l o g g e d  soi l s  t h e  b a c t e r i u m  D esu lfov ib r io  r e d u c e s  s u l p h a t e  
to  s u l p h i d e  w h ic h  i s  e i t h e r  e v o l v e d  a s  H 2S g a s  o r  f o r m s  i n s o lu b le  metal  
s u l p h i d e s  w i th  F e ,  Zn o r  C u  ( P o n n a m p e r u m a ,  1972,  1984) .  Volat i le  
s u l p h u r  c o m p o u n d s  a r e  a l so  p r o d u c e d  in  w a t e r l o g g e d  soi ls  a n d  d i m e t h y l  
s u l p h i d e  m ay  b e  o f  more  i m p o r t a n c e  t h a n  H 2S f o r  t h e  lo s s  o f  s u l p h u r  
f rom th e  soi l  ( L o v e lo c k  et a l . ,  1972) .
N e u t r a l  a n d  a lk a l in e  so i l s  sh o w  a n  im m ed ia te  d e c r e a s e  in  w a t e r -  
so lub le  s u l p h a t e  on  f l o o d i n g ,  whi le  in  a c i d  soi ls  t h e  d e c r e a s e  is  p r e c e d e d  
b y  an  in i t i a l  i n c r e a s e  d u e  to  t h e  r e l e a s e  o f  s o r b e d  s u l p h a t e  f rom c lay  
a n d  h y d r o u s  Fe a n d  Al o x i d e s  w i th  i n c r e a s i n g  pH ( P o n n a m p e r u m a ,  1972) .
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Williams (1975)  r e p o r t e d  t h a t  a l t h o u g h  p o o r l y  d r a i n e d  soi ls  w e re  
r i c h e r  in s u l p h a t e  t h a n  f r e e l y  d r a i n e d  o n e s ,  b e c a u s e  t h e r e  was l e s s  
l e a c h i n g ,  t h e  t o t a l  S c o n t e n t  o f  h e r b a g e  g r o w i n g  o n  t h e  p o o r l y  d r a i n e d  
soil was l e s s  t h a n  t h a t  g r o w i n g  on  t h e  f r e e l y  d r a i n e d  soi l ;  h o w e v e r ,
R e d d y  et al. (1 981b)  c o u ld  f i n d  n o  e f f e c t  o f  d i f f e r e n t  soi l w a t e r  r e g i m e s  
on p l a n t  S c o n t e n t .  S c o t t  a n d  A n d e r s o n  ( 1976) f o u n d  n o  c o n s i s t e n t  
e f f e c t s  of  soi l d r a i n a g e  c o n d i t i o n s  on  soi l o r g a n i c  S c o n t e n t s  a n d  a t t r i b u t e d  
a n y  a p p a r e n t  i n f l u e n c e s  of  d r a i n a g e  to  e f f e c t s  on  soil  OM r a t h e r  t h a n  
o r g a n i c  S s p e c i f i c a l l y .
. (c )  L im ing
Lime is  a p p l i e d  to  h i l l  so i l s  t o  r e d u c e  t h e  c o n c e n t r a t i o n  of  H + 
ions  a n d  t h e  s o lu b i l i t y  o f  Al  whi le  i n c r e a s i n g  t h e  a v a i l a b i l i t y  of  Ca  a n d  
p o s s i b l y  some t r a c e  e l e m e n t s  ( R u s s e l l ,  1973) . T h e  a m o u n t  of  lime t h a t  
is  a p p l i e d  to  t h e  soi l will d e p e n d  on  i t s  b u f f e r i n g  c a p a c i t y  a n d  t e x t u r e ,  
f o r  e x a m p l e ,  o r g a n i c  soi l s  h a v e  l o w e r  op t im um  p H s  f o r  p l a n t  g r o w t h  
t h a n  m in e ra l  soi ls  (M enge l  a n d  K i r k b y ,  1982) .
T h e  e f f e c t  t h a t  l im in g  h a s  on  t r a c e  e l e m e n t  a v a i l a b i l i t y  in  t h e  soi l 
will d e p e n d  on  t h e  b a l a n c e  b e t w e e n  t h e  e f f e c t s  o f  d e c r e a s e d  H + ion 
c o n c e n t r a t i o n ,  i n c r e a s e d  C a 2 + , i n c r e a s e d  H C 0 3_ a n d  e n h a n c e d  m ic rob ia l  
a c t i v i t y  (D eKock  a n d  C h e s h i r e ,  1968) .
Liming and  copper  a va ilab il ity :
T h e  e f f e c t  t h a t  lime a p p l i c a t i o n  h a s  on  t h e  a v a i l a b i l i t y  of  soil 
Cu to  p l a n t s  will v a r y  w i th  soi l  a n d  p l a n t  s p e c i e s .  M ine ra l i za t ion  of  
soil OM will b e  s t i m u l a t e d  b y  l im in g  ( E l l e t t  a n d  Hi l l ,  1929) a n d  t h i s  may  
l ead  to a r e l e a s e  of  C u ;  h o w e v e r ,  a d s o r p t i o n  o f  C u  b y  t h e  v a r i a b l y  
c h a r g e d  soil o x i d e s  a n d  OM will i n c r e a s e  a s  pH i n c r e a s e s  ( e . g .  M cLaren  
a n d  C r a w f o r d ,  1973b; M c L a re n  et a !.,  1981) ,  a n d  n o n - s p e c i f i c  a d s o r p t i o n
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( a l t h o u g h  o n ly  o f  m inor  i m p o r t a n c e )  m ay  i n c r e a s e  d u e  to  r e d u c e d  com ­
p e t i t i o n  a s  t h e  I i + c o n c e n t r a t i o n  a l t e r s .  Within t h e  pH r a n g e  5 to  7 
t h e  c o n c e n t r a t i o n  o f  C u  in  t h e  soil  s o l u t i o n  d o e s  n o t  a l t e r  a p p r e c i a b l y  
a s ,  a l t h o u g h  s o lu t io n  C u 2+ c o n c e n t r a t i o n  d e c r e a s e s ,  Cu-OM c o m p le x a t io n  
i n c r e a s e s  (M c L a r e n  e f  o l .  , 1981,  1983a,  1983b;  S a n d e r s ,  1982; E l-  
K h e r b a w y  a n d  S a n d e r s ,  1984) .
T h e  in i t i a l  soi l Cu s t a t u s  may m o d i fy  p l a n t  Cu  r e s p o n s e  to  l im in g .
On Cu  d e f i c i e n t  s o i l s ,  p l a n t  C u  c o n c e n t r a t i o n  may s l i g h t l y  d e c r e a s e  
while on  Cu  a d e q u a t e  so i l s  i t  m ay  i n c r e a s e  o r  e x h i b i t  n o  c h a n g e  ( B u r r i d g e  
et a l . , 1983) .  P l a n t  s p e c i e s  may a l s o  m o d i fy  t h e  e f f e c t  o f  l im ing  on 
Cu u p t a k e .  Mitchel l  et al. ( 1957b)  o b s e r v e d  t h a t  a l t h o u g h  t h e  Cu c o n ­
c e n t r a t i o n  o f  r y e g r a s s  r e m a i n e d  c o n s t a n t  a t  2 . 9  m g  k g -1 w h e n  l iming
r a i s e d  t h e  pH from 6 .0  to  6 . 4 ,  t h a t  o f  r e d  c l o v e r  i n c r e a s e d  from 4 . 7  to
h i g h
6.8  mg k g - 1 . P o s s i b l e  d a m a g e  t o  p l a n t  t i s s u e  b y  H + c o n c e n t r a t i o n sA
with c o n s e q u e n t  i m p a i r e d  a b i l i t y  to  a b s o r b  Cu,  will b e  r e d u c e d  a s  pH 
i n c r e a s e s  ( G r a h a m ,  1981) .
Liming and  molybdenum  ava i la b i l i t y :
T h e  a d d i t i o n  o f  lime to  a soi l  g r e a t l y  i n c r e a s e s  p l a n t  Mo u p t a k e  
( e . g .  Mi tchel l  et a!.,  1957b;  Williams a n d  T h o r n t o n ,  1972) a n d  may b e  
u s e d  in some c i r c u m s t a n c e s  to  e l im in a t e  Mo d e f i c i e n c y .  T h i s  i n c r e a s e  in  
p l a n t  a v a i l a b l e  Mo is  d u e  to  d e c r e a s e d  a d s o r p t i o n  o f  Mo b r o u g h t  a b o u t  
b y  an ion  e x c h a n g e  o f  OH" a n d  H 2P 0 4_ f o r  m o l y b d a t e  a s  pH i n c r e a s e s  
( s e e  p a g e  1 4 ) ,  a n d  to  t h e  r e l e a s e  o f  Mo from m i n e r a l i z e d  OM ( E l l e t t  a n d  
Hill ,  1929) .  T h e  i n c r e a s e d  c o n c e n t r a t i o n  o f  a v a i l a b l e  soil  Mo is s u f f i c i e n t  
to  o v e rc o m e  t h e  d e c r e a s e d  a b i l i t y  o f  p l a n t s  to  a b s o r b  m o ly b d a te  f rom 
s o lu t io n s  of  i n c r e a s e d  pH ( S t o u t  et a !.,  1951) .  L i n d s a y  ( 1972) s t a t e d  
t h a t  fo r  e a c h  u n i t  i n c r e a s e  in  pH , t h e  m o l y b d a t e  c o n c e n t r a t i o n  in t h e  
soil so lu t io n  i n c r e a s e s  100-fo ld ( a s s u m i n g  a t o t a l  Mo c o n c e n t r a t i o n  of
10-7 ' 5 M. a t  pH 6 . 5 ) .
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In c o n t r a s t  to  d e c r e a s e d  soi l a d s o r p t i o n  of  Mo, w i th  i n c r e a s e d  
p H ,  i n c r e a s i n g  C a 2+ c o n c e n t r a t i o n  l e a d s  to  i n c r e a s e d  m o ly b d a te  a d s o r p ­
t ion ( B a r r o w ,  1972) .
Liming and  su lp h u r  ava ilab il ity  :
T h e  p l a n t  a v a i l a b i l i t y  o f  soi l  s u l p h a t e  i n c r e a s e s  w i th  l im ing ,  
p r o v i d e d  n o  l e a c h i n g  o c c u r s  (Will iams a n d  S t e i n b e r g s ,  1964; E l k i n s  
a n d  E n s m i n g e r ,  1971) .  L im in g  i n c r e a s e s  t h e  r a t e  o f  S m i n e r a l i z a t i o n  
(Williams, 1967b)  a n d  e n c o u r a g e s  a n i o n  e x c h a n g e  b e t w e e n  OH-  a n d  S 0 42 -  
on A1 a n d  Fe  h y d r o u s  o x i d e s  ( H a r w a r d  a n d  R e i s e n a u e r ,  1966);  a n d  
t h e  h i g h e r  p H s  i n c r e a s e  t h e  s o l u b i l i t y  o f  m o l y b d a t e  a n d  p h o s p h a t e  com ­
p o u n d s ,  so  c o m p e t i t i o n  f o r  a d s o r p t i o n  s i t e s  o c c u r s  ( M e t s o n  a n d  B l a k e m o r e ,  
1978) .  T h e  r e l a t i v e  c o n t r i b u t i o n  o f  t h e s e  p r o c e s s e s  will d e p e n d  u p o n  
t h e  soil  a n d  e n v i r o n m e n t a l  c o n d i t i o n s ;  in  v e r y  a c id i c  s o i l s ,  s u l p h a t e  
a v a i l a b i l i ty  m ay  b e  r a i s e d  d u e  to  i n c r e a s e d  s o l u b i l i t y  o f  s p a r i n g l y  s o lu b l e  
h y d r o x y s u l p h a t e s  w i th  i n c r e a s e d  pH ( A d a m s  a n d  R a w a j f i h ,  1977; Wolt,  
1981) .
B a r r o w  ( 1972) h a s  d e m o n s t r a t e d  i n c r e a s e d  s u l p h a t e  a d s o r p t i o n  
as  C a 2+ c o n c e n t r a t i o n  i n c r e a s e s ,  a s  i t  d o e s  f o r  m o l y b d a t e .
Liming a n d  p h o sp h o ru s  ava ilab il ity  :
T h e  e f f e c t  t h a t  l ime h a s  on  C u ,  Mo a n d  S a v a i l a b i l i t y  will b e  i n ­
f l u e n c e d  b y  i t s  e f f e c t  on  soi l  p h o s p h a t e  c o n t e n t .  T h e  i n t e r a c t i o n s  
of lime a n d  p h o s p h a t e  h a v e  b e e n  r e v i e w e d  b y  H a y n e s  ( 1982) .  T h e  
p r i n c i p a l  c o n c l u s i o n s  a r e  s u m m a r i z e d  h e r e :
• P a v a i l a b i l i t y  i n c r e a s e s  a s  pH i n c r e a s e s  f rom 4 to  7;
• in so i l s  wi th  h i g h  A l 3+ c o n t e n t  new  p o l y m e r i c - h y d r o x y -  
a luminium c a t i o n s  will b e  f o r m e d  t h a t  a d s o r b  P;
• m in e r a l i z a t io n  o f  OM will b e  s t i m u l a t e d ,  r e l e a s i n g  o r g a n i c  
P;
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• i n s o lu b le  ca lc ium p h o s p h a t e s  p r e c i p i t a t e  o u t  a t  h i g h  p H s  
r e d u c i n g  P a v a i l a b i l i t y ;
s ince  l im ing o v e r c o m e s  A1 t o x i c i t y ,  t h e  i n h i b i t i o n  b y  A1 
of  P u p t a k e ,  t r a n s l o c a t i o n  a n d  u t i l i z a t i o n  will b e  o v e r c o m e .
. (d) Fertilization
F e r t i l i z e r s  a r e  a p p l i e d  to  hi l l  so i l s  to  r a i s e  t h e  n u t r i e n t  s t a t u s  
to a s u i t a b l e  l eve l  f o r  t h e  g r o w t h  o f  t h e  i n t r o d u c e d  s p e c i e s .  T h e  t h r e e  
major  n u t r i e n t s  -  N , P a n d  K -  a r e  a d d e d  a n d  p o s s i b l y  some t r a c e  
e l e m e n t s ;  h e n c e ,  m a n y  i n t e r a c t i o n s  c a n  o c c u r  a n d  t h e  e f f e c t  o f  one  
el em ent  on p l a n t  u p t a k e  o f  a n o t h e r  i s  d i f f i c u l t  to  i n t e r p r e t .  T h e  e f f e c t s  
t h a t  f e r t i l i z a t i o n  h a s  on  t h e  soi l  i n c l u d e :  a l t e r a t i o n  o f  soi l  c o n d i t i o n s ,
s u c h  a s  pH ( e . g .  (NHit ) 2SOit a c i d i f i e s  t h e  s o i l ) ;  a d d i t i o n  of  minor  
n u t r i e n t s  a s  i m p u r i t i e s  in  t h e  NPK f e r t i l i z e r s ;  a n d  a l t e r a t i o n  in  t h e  
ba l a n c e  of  major  to  m in o r  n u t r i e n t s  w h ic h  may a f f e c t  p l a n t  u p t a k e .
P lan t  t r a c e  e l e m e n t  c o n t e n t  m a y  a l s o  b e  a l t e r e d  b y  e f f e c t s  on t h e  s t a g e  
a n d  form of  p l a n t  g r o w t h .  In  p a r t i c u l a r ,  a d i l u t i o n  e f f e c t  ( t h e  same 
am oun t  of  t r a c e  e l e m e n t  d i s t r i b u t e d  in  a  b i g g e r  p l a n t )  may r e s u l t  w h i c h ,  
t o g e t h e r  w i th  c h a n g e s  in  t h e  b o t a n i c a l  co m p o s i t i o n  o f  a  p a s t u r e ,  will 
r e d u c e  t h e  t r a c e  e l e m e n t  c o n c e n t r a t i o n  of  g r a z e d  h e r b a g e  ( B u r r i d g e  
et a l.,  1983) .
Effect o f  n itrogen  on cop p e r  up take :
T h e  d i f f i c u l t y  in  i n t e r p r e t i n g  ( a n d  p r e d i c t i n g )  t h e  e f f e c t  t h a t  
f e r t i l i z a t io n  h a s  on  p l a n t  t r a c e  e l e m e n t  c o n t e n t  is  d e m o n s t r a t e d  well 
b y  t h e  e f f e c t  o f  N f e r t i l i z e r  on  p l a n t  C u  u p t a k e .
On so i l s  o f  low to  d e f i c i e n t  C u  s t a t u s ,  h e r b a g e  C u  c o n c e n t r a t i o n  
d e c r e a s e s  w h e n  N is a p p l i e d ,  w h i c h  may l ead  to  C u  d e f i c i e n t  p l a n t s  
( e . g .  DeKock a n d  C h e s h i r e ,  1968; C h a u d h r y  a n d  L o n e r a g a n ,  1970) .
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On soi ls of a d e q u a t e  C u  s t a t u s  ( e i t h e r  n a t u r a l l y  o r  t h r o u g h  t h e  a d d i t i o n  
of c o p p e r  f e r t i l i z e r )  t h e  a p p l i c a t i o n  o f  N i n c r e a s e s  p l a n t  t o t a l  Cu c o n ­
c e n t r a t i o n  (D eKock  a n d  C h e s h i r e ,  1968; Hill et a l . , 1978) ,  b u t  t h i s  
is  n o t  a lw a y s  a s s o c i a t e d  w i th  a n  i n c r e a s e  in  p l a n t  C u  c o n c e n t r a t i o n  
as  t h e  d i l u t i o n  e f f e c t  may  h a v e  o c c u r r e d  ( C h a u d h r y  a n d  L o n e r a g a n , 
1970) . E v e n  if a n  i n d i v i d u a l  p l a n t ' s  C u  c o n c e n t r a t i o n  d o e s  i n c r e a s e ,  
the  o v e ra l l  C u  c o n t e n t  o f  t h e  p a s t u r e  may n o t  r i s e  a s  t h e  p e r c e n t a g e  
of  c lo v e r  p r e s e n t  will b e  r e d u c e d  a n d ,  on  Cu  a d e q u a t e  s o i l s ,  c l o v e r s  
g e n e r a l l y  c o n t a i n  m o re  C u  t h a n  g r a s s e s  ( R e i t h  et a I . ,  1984) .
T h e  form of  N f e r t i l i z e r  a p p l i e d  may a l so  a f f e c t  p l a n t  Cu  c o n t e n t .  
On Cu a d e q u a t e  so i l s  . n i t r a t e  s o u r c e s  l e a d  to  g r e a t e r  Cu  u p t a k e  t h a n  
ammonium s o u r c e s ^  NH4N 0 3 o c c u p i e s  a n  i n t e r m e d i a t e  p o s i t i o n  ( C h e s h i r e  
et al.,  1967; T i l l s  a n d  A l lo w a y ,  1 9 8 1 a ) .  S i m i l a r l y ,  o n  Cu d e f i c i e n t  
soi ls NHj, +-N  c a u s e s  a  g r e a t e r  r e d u c t i o n  in  p l a n t  C u  s t a t u s  t h a n  e i t h e r  
N 0 3~-N o r  NH^NC^ ( T i l l s  a n d  A l lo w a y ,  1981a):  p o s s i b l e  r e a s o n s  fo r
t h e  d e c r e a s e d  C u  u p t a k e  a r e  c o m p e t i t i o n  f o r  c a t i o n  a d s o r p t i o n  s i t e s  
on t h e  r o o t  s u r f a c e  ( C o x  a n d  R e i s e n a u e r ,  1977) C C h e s h i r e  et al. ( 1967) 
in a s t u d y  of  o a t s  on  C u  d e f i c i e n t  p e a t  s u g g e s t  t h a t  t h e  a d d i t i o n  of  
N may u p s e t  t h e  C u / F e  b a l a n c e  a t  s i t e  of  u p t a k e  l e a d i n g  to  lo w e r e d  
Cu u p  takeO, a c id i f i c a t i o n  o f  t h e  r o o t  m ed ia  ( B l a i r  et a l.,  1970) a n d  d i s ­
t u r b e d  c a t i o n / a n i o n  b a l a n c e  ( K i r k b y  a n d  M e n g e l ,  1967) .
T h e  r e l a t i o n s h i p  b e t w e e n  C u  a n d  N in  p l a n t s  h a s  a l r e a d y  b e e n  
d i s c u s s e d  ( p a g e  11 ) .  C o p p e r  d e f i c i e n c y  may l e a d  to  a lo s s  of  c o n t r o l  
o v e r  N u p t a k e  a n d  a  p o s s i b l e  t o x i c  a c c u m u l a t i o n  o f  NHi++ ions  ( C h e s h i r e  
et a l ., 1982) a n d  a f f e c t  N m e ta b o l i sm  b y  i n h i b i t i n g  p r o t e i n  s y n t h e s i s  
l e a d in g  to  t h e  a c c u m u l a t i o n  o f  f r e e  amino a c i d s  ( T i l l s  a n d  A l low ay ,  
1 9 8 1 b ) .
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Effect of p h o sp h o ru s  on co p p e r  uptake:
T h e  a d d i t i o n  of  P f e r t i l i z e r  may  i n c r e a s e  p l a n t  C u  u p t a k e  ( C h e s h i r e  
et a l . , 1967) ,  b u t  i t  i s g e n e r a l l y  f o u n d  t h a t  p l a n t  Cu c o n t e n t  d e c r e a s e s  
s l i g h t ly  w h e n  P i s  a d d e d  ( e . g .  S i n g h  a n d  S w a r u p ,  1982; R e d d y  et at.,  
1981b) .  T h e  d e c r e a s e  is a c c o u n t e d  f o r  b o t h  b y  t h e  d i lu t i o n  e f f e c t  a n d  
t h e  fo rm a t io n  o f  i n s o l u b l e  C u 3 (POl,)2 w h ic h  r e d u c e s  p l a n t  a v a i l a b l e  C u  
(Dola r  a n d  K e e n e y ,  1971) .
I n t e r a c t i o n s  b e t w e e n  N a n d  P o c c u r ;  S i n g h  a n d  S w a r u p  ( 1982) 
f o u n d  t h e  a d v e r s e  e f f e c t  o f  P f e r t i l i z e r  on C u  u p t a k e  w a s  min imized  
w hen  N f e r t i l i z e r  was a l so  a p p l i e d .
Effect of potass ium  on co p p e r  uptake:
L i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  on  t h e  e f f e c t  o f  K o n  p l a n t  C u  u p t a k e , 
b u t  G rah am  ( 1979) r e p o r t s  d e c r e a s e d  C u  u p t a k e  b y  s u n f l o w e r s  a f t e r  
K f e r t i l i z a t i o n .
Effect of m inor elements on c o p p e r  uptake:
C opp e r  as a fertilizer  -  Many d i f f e r e n t  f o r m s  o f  C u  h a v e  b e e n  
u s e d  as  f e r t i l i z e r s  on  C u  d e f i c i e n t  so i l s  -  C u  s u l p h a t e ,  m i x t u r e s  of  
Cu s u l p h a t e  a n d  C u  h y d r o x i d e ,  C u  o x i d e ,  C u  c a r b o n a t e ,  C u  o x y c h l o r i d e ,  
Cu c h l o r i d e ,  C u  s l a g ,  C u  f r i t s ,  ammonium b a s e d  l i q u i d  Cu  f e r t i l i z e r ,
Cu c h e l a t e s  o r  in  NPK c o m p o u n d s ;  a n d  v a r i o u s  m e t h o d s  o f  a p p l i c a t i o n  -  
soil t r e a t m e n t s ,  f o l i a r  s p r a y s  a n d  s e e d  d r e s s i n g s  ( G r a h a m  a n d  N a m b i a r ,
1981).  T h e  m e t h o d  most  com m only  u s e d  i f C u  i s  a p p l i e d  d u r i n g  hi l l  
i m p r o v e m e n t  is  a  s u r f a c e  soi l  d r e s s i n g  o f  C u S 0 4 a t  t h e  r a t e  o f  6 k g  
Cu h a -1 (M it che l l  et a l ., 1 9 5 7 b ) .  T h i s  m e t h o d  e n t a i l s  l e s s  r i s k  o f  C u  
to x ic i ty  to  s t o c k  t h a n  fo l i a r  a p p l i c a t i o n  a n d  l a s t s  l o n g e r ;  r e s i d u a l  e f f e c t s  
h a v e  b e e n  o b s e r v e d  a f t e r  25 y e a r s  a t  o n e  s i t e  ( B u r r i d g e  et a l . , 1983) , 
a l t h o u g h  o t h e r  w o r k e r s  h a v e  d e t e c t e d  n o  r e s i d u a l  i n f l u e n c e s  a f t e r  o n l y
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2 y e a r s  ( E v a n s ,  1983);  a n d  is  e q u a l l y  a s  e f f e c t i v e  a s  t h e  more  e x p e n s i v e  
E D T A - C u  ( M c L a r e n  a n d  Will iams,  1981) .
C o p p e r  f e r t i l i z e r  h a s  b e e n  r e p o r t e d  to  r a i s e  t h e  C u  c o n t e n t  of  
c l o v e r  a n d  o t h e r  l e g u m e s  to  a  g r e a t e r  e x t e n t  t h a n  t h a t  o f  g r a s s e s  
( B u r r i d g e  et a l . , 1983) ,  b u t  t h e  p o s i t i v e  i n t e r a c t i o n  o f  C u  a n d  N f e r ­
t i l i z e r s  m u s t  be  t a k e n  i n t o  a c c o u n t  ( s e e  a b o v e ) .
Alum inium  -  E v e n  a t  c o n c e n t r a t i o n s  a s  low a s  0 . 1  mg k g -1 Al ,  
an  a n t a g o n i s t i c  i n t e r a c t i o n  o c c u r s  b e t w e e n  C u  a n d  Al  l e a d i n g  to  d e c r e a s e d  
to ta l  Cu  u p t a k e ,  p r o b a b l y  b e c a u s e  o f  c o m p e t i t i o n  f o r  r o o t  a d s o r p t i o n  
s i t e s  ( B l e v i n s  a n d  M a s s e y ,  1959; H i a t t  et a l . ,  1963) .  L im ing  will h e l p  
to  o v e rc o m e  t h i s  a n t a g o n i s m .
Iron  -  R e p o r t s  v a r y  a s  to  t h e  e f f e c t  o f  Fe  on  C u  u p t a k e .  C h e s h i r e  
et a l . (1967)  o b s e r v e d  t h e  i n t e r a c t i o n  o f  Cu  a n d  Fe  to  b e  m u t u a l l y  
a n t a g o n i s t i c  in  o a t s  w i th  e x c e s s i v e  a m o u n t s  o f  o n e  d e c r e a s i n g  t h e  u p t a k e  
of  t h e  o t h e r ,  p r o b a b l y  b e c a u s e  o f  c o m p e t i t i o n  f o r  n o n - s p e c i f i c  u p t a k e  
s i t e s .  H o w e v e r ,  i f  e x c e s s i v e  i r o n  w as  a p p l i e d  to  p l a n t s  o f  low C u  s t a t u s  
a s y n e r g i s t i c  i n t e r a c t i o n  w as  o b s e r v e d .  D o k i y a  et al • ( 1968) o b s e r v e d  
t h a t  w h e r e a s  t h e  a d d i t i o n  o f  Fe d e c r e a s e d  C u  u p t a k e  in r i c e ,  fo r  b a r l e y  
it  h a d  no  e f f e c t  on  C u  u p t a k e .
M anganese  -  D i f f e r i n g  v i e w s  e x i s t  a b o u t  t h e  e f f e c t  o f  Mn on  C u  
u p t a k e .  Al l p o s s i b l e  i n t e r a c t i o n s  h a v e  b e e n  o b s e r v e d  -  s y n e r g i s t i c  
(D o la r  a n d  K e e n e y ,  1971) ,  n o  e f f e c t  ( B o w e n ,  1969) a n d  a n t a g o n i s t i c  
(D ok iya  et a l . ,  1968) .
M olybdenum  -  Cu  a n d  Mo h a v e  b e e n  o b s e r v e d  to  e x h i b i t  m u t u a l  
a n t a g o n i s m  w i th  t h e  a p p l i c a t i o n  o f  o n e  a d v e r s e l y  a f f e c t i n g  p l a n t  u p t a k e  
of t h e  o t h e r  ( e . g .  McKay et a l . , 1966) .
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S u lp h u r  -  No r e f e r e n c e  h a s  b e e n  f o u n d  to  a n y  e f f e c t  o f  S on  
p l a n t  Cu  u p t a k e .
Zinc  -  B o t h  Zn a n d  C u  a r e  a b s o r b e d  b y  a s i m i l a r ,  p o s s i b l y  
i d e n t i c a l ,  m e c h a n i s m  in t o  t h e  p l a n t  ( B o w e n ,  19 6 9 ) ,  so  u p t a k e  is c o m ­
p e t i t i v e  w i t h  Zn a d d i t i o n  d e c r e a s i n g  C u  u p t a k e  -  b o t h  a m o u n t  a n d  r a t e  
( C h a u d h r y  a n d  L o n e r a g a n ,  1970) -  a l t h o u g h  t h e  m a g n i t u d e  of  t h i s  
e f f e c t  will v a r y  w i th  soi l c o n d i t i o n s  a n d  r a t e  o f  a p p l i c a t i o n  ( A r o r a  a n d  
S e k h o n ,  1982) .
Effect of n it ro gen  on m olybdenum  uptake:
T h e r e  i s  l i t t l e  i n f o r m a t i o n  a v a i l a b l e  on  t h e  e f f e c t  o f  N f e r t i l i z e r  
on p l a n t  Mo u p t a k e ,  b u t  t h e  fo rm  o f  N a p p e a r s  i m p o r t a n t .  N 0 3- -N  
seems to  i n c r e a s e  p l a n t  n e e d  f o r  Mo, h o w e v e r ,  a s  Mo i s  v i t a l  f o r  t h e  
c o r r e c t  f u n c t i o n i n g  o f  n i t r a t e  r e d u c t a s e  i t  i s  d i f f i c u l t  t o  b e  s u r e  o f  
t h i s  ( G u p t a  a n d  L i p s e t t ,  1981) .  When p r e s e n t  a s  N H [( + , N a p p e a r s  
to  d e c r e a s e  p l a n t  Mo u p t a k e  (Will iams a n d  T h o r n t o n ,  1972) a l t h o u g h  if 
SO^2- is t h e  a c c o m p a n y i n g  a n i o n  t h e  e f f e c t  a t  t h e  NHi*+ ion may b e  
o b s c u r e d  ( H e m i n g w a y ,  1962) .  B a r s h a d  (1951)  o b s e r v e d  t h e  e f f e c t  o f  
N f e r t i l i z e r ,  p o s s i b l y  N H ^  i o n s ,  t o  c a u s e  a d e l a y  r a t h e r  t h a n  r e d u c t i o n  
in p l a n t  Mo u p t a k e .
Effect o f  p h o s p h o r u s  on m olybdenum  uptake:
T h e  a d d i t i o n  o f  P f e r t i l i z e r  s t i m u l a t e s  p l a n t  Mo u p t a k e  e s p e c i a l l y  
on ac id  so i l s  ( B a r s h a d ,  1951; S t o u t  e t a ! . ,  1951; M u r p h y  et a l ., 1981) .  
Anion e x c h a n g e  o c c u r s  b e t w e e n  p h o s p h a t e  a n d  m o l y b d a t e  i o n s  on t h e  
soil s u r f a c e s  ( S t o u t  et a l ., 1951) , so  more  Mo is  a v a i l a b l e  fo r  a b s o r p t i o n ;  
a n d  a l t h o u g h  P a n d  Mo c o m p e te  fo r  p l a n t  u p t a k e  i n d i v i d u a l l y ,  a c o m p le x  
p h o s p h o m o l y b d a t e  an io n  is  f o r m e d  w h ic h  is  more r e a d i l y  a b s o r b e d  b y  
the  p l a n t  t h a n  m o l y b d a t e  is ( B a r s h a d ,  1951) .
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R e p o r t s  a l s o  e x i s t  of  P f e r t i l i z e r  r e d u c i n g  p l a n t  Mo u p t a k e ,  b u t  
t h i s  is  m os t  p r o b a b l y  d u e  to  c o n t a m i n a t i o n  o f  t h e  f e r t i l i z e r  w i th  S ( G u p t a  
a n d  C u t c l i f f e ,  1968) ,  a l t h o u g h  a l t e r a t i o n  in t h e  r e l a t i v e  b a l a n c e  o f  P -  
d i s p l a c e m e n t  o f  Mo from a d s o r p t i o n  s i t e s  a n d  c o m p e t i t i o n  b e t w e e n  P 
a n d  Mo f o r  p l a n t  u p t a k e  may b e  r e s p o n s i b l e  ( G u p t a  a n d  L i p s e t t ,  1981) .
B u r r i d g e  et a l . ( 1983) r e p o r t e d  t h a t  h e r b a g e  Mo c o n t e n t s  w e re  
n o t  i n c r e a s e d  w h e n  P w as  a p p l i e d  t o g e t h e r  w i th  N o r  K .
Effect of potass ium  on m olybdenum  uptake:
L i t t l e  i n f o r m a t i o n  e x i s t s  a b o u t  t h e  r e l a t i o n s h i p  b e t w e e n  K a n d  
Mo, b u t  i t  i s  b e l i e v e d  to  b e  a n t a g o n i s t i c  ( C h e n g  a n d  O u e l l e t t e ,  1973) .  
B u r r i d g e  et a l . ( 1983) r e p o r t e d  t h a t  in  t h e  a b s e n c e  o f  P t h e  a d d i t i o n  
of K ( a t  t w o  N l e v e l s )  i n c r e a s e d  h e r b a g e  Mo c o n t e n t  b u t  t h e  e f f e c t  
may h a v e  b e e n  d u e  to  t h e  Cl~ a n i o n  a p p l i e d  w i th  t h e  K + .
Effect of m inor elements on m olybdenum  uptake:
A lum inium  -  F l e m in g  (1980)  r e p o r t s  t h e  e x i s t e n c e  o f  a n  a n t a g o n i s m .
Iron  -  A n  Fe-M o a n t a g o n i s m  e x i s t s .  T h e  a p p l i c a t i o n  o f  Mo d e c r e a s e s  
t h e  a m o u n t  o f  e x t r a c t a b l e  soi l Fe  a n d  a l so  t h e  Fe  c o n t e n t  o f  p l a n t s  g r o w ­
i n g  in  t h e  t r e a t e d  soil  b e c a u s e  o f  t h e  fo r m a t i o n  o f  a n  i r o n  m o ly b d e n u m  
complex o f  low s o lu b i l i t y  in t h e  soil  ( G u p t a  a n d  M eh la ,  1979 -  S u b t e r ­
r a n e a n  c l o v e r ) .
M agnesium  -  T h e  i n t e r a c t i o n  i s  r e p o r t e d  to  b e  s y n e r g i s t i c  ( F l e m i n g ,
1980) .
M angane se  -  T h e  u p t a k e  o f  Mo a n d  Mn s e e m s  to  b e  m u t u a l l y  a n t a g o n ­
is t ic  ( C h e n g  a n d  O u e l l e t t e ,  1973) .
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S u lp h u r  -  A s  m o ly b d a te  a n d  s u l p h a t e  b e h a v e  so s im i la r ly  in soi l ,  
it  is n o t  s u r p r i s i n g  t h a t  t h e  a p p l i c a t i o n  of  o n e  c l o s e l y  a f f e c t s  t h e  u p t a k e  
of t h e  o t h e r .  T h e  a p p l i c a t i o n  o f  S a s  S 0 42- h a s  b e e n  o b s e r v e d  to  d e p r e s s  
p l a n t  Mo u p t a k e  ( S t o u t  et at.,  1951; R e d d y  et a t.,  1981a) p r o b a b l y  
b e c a u s e  o f  d i r e c t  c o m p e t i t i o n  f o r  u p t a k e  ( S t o u t  et a l . , 1951) .  O c c a s i o n ­
al ly a  s y n e r g i s t i c  r e l a t i o n s h i p  h a s  b e e n  o b s e r v e d  d e p e n d i n g  on  soil  
t y p e  ( F l e m i n g ,  1980); B a r s h a d  (1951)  o b s e r v e d  t h a t  t h e  a p p l i c a t i o n  of  
S as  g y p s u m  i n c r e a s e d  t h e  a v a i l a b i l i t y  o f  Mo a n d  a t t r i b u t e d  t h i s  t o  t h e  
a c i d i f y i n g  e f f e c t  o f  g y p s u m  d e c r e a s i n g  s o lu b le  C 0 3~ a n d  OH-  i o n s  in 
t h e  so i l ,  a n d  on  c o m p e t i t i o n  f o r  u p t a k e .
M olybdenum  fertilizer -  Mo f e r t i l i z e r  is  n o t  com m only  a p p l i e d  in 
t h e  U . K .  a s  so i l s  a r e  n o r m a l l y  Mo s u f f i c i e n t  a n d ,  s i n c e  Mo is  " f r e e l y "  
t a k e n  u p  b y  p l a n t s  ( G u p t a  a n d  L i p s e t t ,  1981) ,  t h e  a p p l i c a t i o n  o f  Mo 
will i n c r e a s e  t h e  r i s k  o f  a d v e r s e  C u  ; Mo r a t i o s  d e v e l o p i n g  in  p a s t u r e s .
I f  Mo f e r t i l i z e r  is  a p p l i e d  i t  will h a v e  a  g r e a t e r  e f f e c t  o n  p l a n t  Mo c o n t e n t s  
on m in e ra l  r a t h e r  t h a n  o r g a n i c  s o i l s ,  a l t h o u g h  t h e  a d d i t i o n  of  N f e r t i l i z e r  
may m a s k  t h e  i n c r e a s e  d u e  to  t h e  d i l u t i o n  e f f e c t  ( R e i t h  et a l. ,  1984) .
Effect o f  n it rogen  on su lp h u r  up take :
T h e  a d d i t i o n  of N to  a soi l  d e c r e a s e s  p l a n t  s u l p h a t e  c o n c e n t r a t i o n  
p r o b a b l y  b e c a u s e  of  t h e  d i l u t i o n  e f f e c t  ( M c L a r e n ,  1976; M c P h e r s o n  
et a l . , 1978) .  A g a i n ,  t h e  fo rm  of  N u s e d  i s  i m p o r t a n t  wi th  u r e a  > NFU+ 
> N 0 3_ f o r  b o t h  t o t a l  a n d  o r g a n i c  p l a n t  S c o n t e n t ,  p r o b a b l y  b e c a u s e  of  
an e f f e c t  o n  p r o t e i n  m e tabo l i sm  ( K i r k b y ,  1978) .
T h e  r a t i o  of  t o t a l  N : t o t a l  S in  h e a l t h y  p l a n t s  is  r e l a t i v e l y  c o n s t a n t  
a t  14 : 1 f o r  g r a m i n a c e o u s  s p e c i e s  a n d  17 .5  : 1 f o r  l e g u m i n o u s  s p e c i e s  
(D i j k s h o o r n  a n d  V an  Wijk, 1967) .  T h e  r a n g e  o f  v a l u e s  fo r  l e g u m e s  is 
w ide r  t h a n  t h a t  f o r  g r a s s e s  ( W h i t e h e a d  a n d  J o n e s ,  1978) .
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Effect o f  p h o sp h o ru s  on s u lp h u r  uptake:
P f e r t i l i z e r  s t i m u l a t e s  p l a n t  SCR2- u p t a k e  ( M c L a r e n ,  1976) b y  
d e c r e a s i n g  soi l  a d s o r p t i o n  o f  s u l p h a t e  w h ic h  l e a d s  to  i n c r e a s e d  s u l p h a t e  
a v a i l a b i l i t y  -  t h e  s u l p h a t e  m ay  b e  a d s o r b e d  lo w e r  d o w n  t h e  soil p r o f i l e  
( K a m p r a t h  et a l . , 1956; M e tson  a n d  B l a k e m o r e ,  1978) .
A s  f o r  P a n d  Mo, t h e  e f f e c t  o f  P on p l a n t  S u p t a k e  may  b e  
modi f ied  b y  t h e  so i l ,  f o r  e x a m p l e ,  R e d d y  et a I . (1981a)  o b s e r v e d  t h e  
s u l p h a t e  u p t a k e  o f  s u b t e r r a n e a n  c l o v e r  to  b e  d e c r e a s e d  b y  P a d d i t i o n .
Effect o f  potass ium  on s u lp h u r  uptake :
L i t t l e  i n f o r m a t i o n  e x i s t s  a b o u t  t h e  i n t e r a c t i o n  o f  K a n d  S , b u t  
McLaren  (1976)  o b s e r v e d  a  d e c r e a s e  in  h e r b a g e  S 0 42 -  l e v e l s  w h e n  K 
f e r t i l i z e r  w a s  a p p l i e d .  He a t t r i b u t e d  t h i s  b o t h  to  t h e  d i l u t i on :  e f f e c t  
a n d  t h e  a n t a g o n i s t i c  e f f e c t  o f  t h e  a c c o m p a n y i n g  C l -  i o n s .
S u lp h u r  fe rt i l ize r :
In  t h e  U . K .  i t  h a s  se ld om  b e e n  n e c e s s a r y  u p  til l  now to  a p p l y  S 
f e r t i l i z e r ,  b u t  i t  m ay  b ecom e  n e c e s s a r y  in  t h e  f u t u r e .  T h e  main r e a s o n s  
fo r  t h i s  a r e :
1. t h e  r e d u c t i o n  in  t h e  S c o n t e n t  o f  f e r t i l i z e r s  fo l low ing  t h e  
r e p l a c e m e n t  of  (NHit ) 2SOit b y  NHi*N03 a n d  u r e a ,  a n d  of  s in g le  
s u p e r p h o s p h a t e  b y  t r i p l e  s u p e r p h o s p h a t e ;
2. t h e  i n c r e a s e s  in  c r o p  y i e l d s  a n d  t h e r e f o r e  c r o p  u p t a k e ,  
a s s o c i a t e d  w ith  t h e  i n t r o d u c t i o n  o f  i m p r o v e d  v a r i e t i e s  a n d  
g r e a t e r  u s e  of  f e r t i l i z e r s ;  a n d
3. t h e  r e d u c t i o n  in a t m o s p h e r i c  p o l l u t i o n  ( S c o t t  a n d  M u n ro ,
1979; K e r r ,  1981) .
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• (e) Spec ie s
T h e  i n d i g e n o u s  v e g e t a t i o n  ( d o m i n a t e d  b y  A g ro st is ,  Festuca,
Molinia, N a r d u s  o r  Colluna,  d e p e n d i n g  on  soi l t y p e )  is  r e p l a c e d  b y
t h e  more p r o d u c t i v e  PRG a n d  WC , p o s s i b l y  w ith  smal l  a m o u n t s  of  t i m o t h y ,
r e d  f e s c u e  o r  c o c k s f o o t ,  d u r i n g  r e s e e d i n g .
Species d ifferences  in co p p e r  up take :
On so i l s  w i th  a d e q u a t e  C u ,  w h e t h e r  n a t u r a l l y  o r  b e c a u s e  of  C u  
f e r t i l i z e r s ,  l e g u m e s  c o n t a i n  m ore  C u  t h a n  g r a s s e s  (M it che l l  ef  al . ,  1957a;  
G l a d s t o n e s  e f  a l.,  1975) .  O n  so i l s  o f  low C u  s t a t u s  t h e  p o s i t i o n  may 
be  r e v e r s e d  (M it che l l  e f  a I . , 1 9 5 7 a ) , t h i s  h a s  b e e n  a c c o u n t e d  fo r  b y  
g r e a t e r  v a r i a b i l i t y  in  l e g u m e  C u  c o n t e n t ,  1-12 m g  k g - 1 , t h a n  g r a s s  
Cu c o n t e n t ,  3-5 mg k g - 1 , w i t h  c h a n g i n g  soil  C u  s t a t u s  (M i tche l l ,  1963) .  
More r e c e n t  w o r k  h a s  n o t  s h o w n  t h e  o r d e r  l e g u m e s  > g r a s s e s  to  b e  
a l t e r e d  b y  soil  C u  s t a t u s  ( B e a v i n g t o n  a n d  W r i g h t ,  1977;  F o r b e s  a n d  
Gelman,  1981) .
B r o a d  l e a v e d  h e r b s  a r e  r e p o r t e d  to  h a v e  h i g h  m i n e r a l  c o n t e n t s  
r e l a t i v e  to  s o w n  s p e c i e s  ( e . g .  B u r r i d g e  e f  a!.,  1983) ,  b u t  F o r b e s  a n d  
Gelman (1981)  f o u n d  t h a t  n o n e  o f  6 h e r b s  t h e y  s t u d i e d  was r i c h e r  in  
Cu t h a n  WC . T a b l e  1 .4  g i v e s  some v a l u e s  f o r  t h e  c o n c e n t r a t i o n s  of  
Cu a n d  Mo t h a t  h a v e  b e e n  f o u n d  in  some h e r b s  a n d  o t h e r  s p e c i e s  a n d  
shows t h e  o r d e r  h e r b s  S l e g u m e s  > g r a s s e s ,  w i th  r e g a r d  to  Cu c o n c e n t r a ­
t ion .
Within t h e  g r a s s e s  t h e  o r d e r  c o c k s f o o t  > PRG > t im o th y  is  f o u n d  
( D a v e y ,  1957; F o r b e s  a n d  G e l m a n ,  1981) .  T h e  l a t t e r  a u t h o r s  o b s e r v e d  
no h i g h l y  s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  d i f f e r e n t  v a r i e t i e s  o f  c o c k s f o o t ,  
PRG o r  WC , a l t h o u g h  o t h e r s  h a v e  o b s e r v e d  v a r i e t a l  d i f f e r e n c e s ,  e . g .  
R e u t e r  e f  a i . ( 1983) fo r  s u b t e r r a n e a n  c l o v e r .
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Table  1 .4 :  C o n c e n t r a t i o n s  o f  c o p p e r  a n d  m o l y b d e n u m  in d i f f e r e n t
h e r b a g e  s p e c i e s .  ( F r o m  F o r b e s  a n d  G e lm a n ,  1981.)
C o n c e n t r a t i o n  in d r y  m a t t e r
( m g  k g " x)
S p e c i e s C u Mo
Lolium pe renne  (P R G ) 3 .7 0 .8
D acty l is  glomerata  ( C o c k s f o o t ) 5 .2 1.3
Trifolium re p e n s  (WC) 6 .7 1.3
Actillea millefolium  ( Y a r r o w ) 6 .4 0.8
Taraxacum  officinale  ( D a n d e l i o n ) 5 .7 0.6
P o s s ib l e  r e a s o n s  f o r  s p e c i e s  ( a n d  v a r i e t a l )  d i f f e r e n c e s  in  Cu  
c o n t e n t  i n c l u d e :  t h e  r a t e  o f  C u  a b s o r p t i o n  b y  r o o t s ,  b e t t e r  r o o t
ex p lo i t a t i o n  / e x p l o r a t i o n  o f  t h e  soi l  e i t h e r  b e c a u s e  o f  l a r g e  r o o t s  o r  
more r o o t  h a i r s ,  m o d i f i c a t io n  o f  t h e  fo rm of  a v a i l a b l e  C u  b y  r o o t  e x u d a t e s ,  
ac id if ic a t ion  o r  c h a n g e  in  r e d o x  p o t e n t i a l  of  t h e  soi l  b y  t h e  p l a n t ,  more  
e f f i c i en t  r e t r a n s l o c a t i o n  o f  C u  f ro m  o ld  to  y o u n g  t i s s u e  o r  low er  t i s s u e  
r e q u i r e m e n t s  f o r  C u  ( G r a h a m ,  1981) .
Species d ifferences  in m olybdenum  uptake:
L e g u m e s  a r e  u s u a l l y  f o u n d  t o  c o n t a i n  m ore  Mo t h a n  g r a s s e s  
(F lem ing ,  1973; F o r b e s  a n d  G e l m a n ,  1981) ,  b u t  t h i s  may  v a r y  w i th  
soil Mo c o n t e n t .  A m o n g  t h e  g r a s s e s ,  c o c k s f o o t  h a s  b e e n  o b s e r v e d  
to h a v e  a p a r t i c u l a r l y  h i g h  Mo c o n t e n t  ( D a v e y ,  19 5 7 ) .  F o r b e s  a n d  
Gelman (1981)  f o u n d  i t  to  b e  a s  h i g h  a s  t h e  Mo c o n t e n t  o f  WC .
Species d ifferences  in s u lp h u r  uptake :
G r a s s e s  h a v e  b e e n  r e p o r t e d  to  t a k e  u p  more  ( M e t s o n ,  1979) ,  
less  ( G i l b e r t  a n d  R o b s o n ,  1984) o r  s imi la r  ( M c L a r e n ,  1976) a m o u n t s  
of S c o m p a r e d  to  l e g u m e s .  T y p i c a l  g r a s s  t o t a l  S c o n c e n t r a t i o n s  a r e
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0 . 2 0 -  0.45% ( W h i t e h e a d ,  1972) a n d  s i g n i f i c a n t  d i f f e r e n c e s  h a v e  b e e n  
shown b e t w e e n  Lolium  c u l t i v a r s  ( S m i t h  et a l . , 1982) .
3. 2 T h e  e f f e c t  of  s e a s o n  on  p l a n t  m in e ra l  c o n t e n t
T h e  e f f e c t  o f  s e a s o n  o n  p l a n t  C u ,  Mo a n d  S c o n t e n t s  is  n o t  
a f f e c t e d  b y  r e s e e d i n g ,  b u t  i s  n e v e r t h e l e s s  a f a c t o r  t h a t  m u s t  b e  c o n ­
s i d e r e d  a s  h e r b a g e  C u ,  Mo a n d  S c o n t e n t s  a r e  f o u n d  to  v a r y  b o t h  w i th in  
an d  b e t w e e n  s e a s o n .  T a b l e  1 .5  g i v e s  d a t a  f o r  a  r e s e e d e d  p a s t u r e  a n d  
shows how t h e  l e v e l s  c a n  v a r y  ( f r o m  E v a n s ,  1984) .
Table 1 . 5 :  T h e  e f f e c t  o f  s e a s o n  on  t h e  h e r b a g e  c o n c e n t r a t i o n  o f  c o p p e r ,
m o l y b d e n u m  a n d  s u l p h u r  in  a r e s e e d e d  p a s t u r e .
S a m p l i n g  d a t e
C o n c e n t r a t i o n  in  d r y  m a t t e r  
C u  ( m g  k g -1) Mo ( m g  k g " 1) S (%)
May 1979 6 .3 3 .9 0.52
J u l y  1979 4 .5 2 .3 0.26
S e p t  1979 4 .0 4 .0 0.32
May 1980 2 .9 2 .0 0.34
J u l y  1980 3 . 1 2 .5 0 .30
S e p t  1980 3 .4 2 .7 0.34
( f r o m  E v a n s ,  1984)
Seasonal variat ions in h e rb a ge  co p p e r  content:
T h e  p a t t e r n  o f  c h a n g e  o f  h e r b a g e  Cu  l e v e l s  w i th  s e a s o n  h a s  n o t  
b e e n  f o u n d  to  b e  c o n s i s t e n t :  n o  c h a n g e  ( e . g .  W h i t e h e a d  a n d  J o n e s ,
1969),  d e c r e a s i n g  t h r o u g h o u t  t h e  y e a r s  ( e . g .  E v a n s ,  1984) ,  i n c r e a s i n g  
Ju n e  to  O c t o b e r  ( e . g .  Mitche l l  et a l . , 1957a ) ,  o r  a  m a r k e d  in i t i a l  d e c r e a s e  
May to  J u l y  fo l low ed  b y  a n  i n c r e a s e  to  S e p t e m b e r  ( e . g .  D a v ie s  a n d  
C r a w s h a w ,  1978) .
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S p e c i e s  d i f f e r e n c e s  a r e  a l so  o b s e r v e d .  F l e m i n g  ( 1965) s t a t e s  
t h a t  w h e r e a s  t h e  C u  c o n t e n t  o f  g r a s s  d e c l i n e s  w i th  m a t u r i t y ,  t h a t  o f  
c lo v e r  i n c r e a s e s ,  d e f o l i a t i o n  f r e q u e n c y  will a f f e c t  how  t h i s  i n f l u e n c e s  
p a s t u r e  C u  l e v e l s .
Seasonal var ia t ion s  in h e rb a ge  m olybdenum  content:
A g a i n ,  r e p o r t s  v a r y  a s  to  t h e  e f f e c t  t h a t  s e a s o n  h a s  on p l a n t  
Mo c o n t e n t .  Mos t  a u t h o r s  h a v e  r e p o r t e d  i n c r e a s i n g  p l a n t  Mo l e v e l s  
as  t h e  s e a s o n  a d v a n c e s  f rom  J u n e  t o  O c t o b e r  ( e . g .  D a v e y ,  1957; D a v i e s  
a n d C r a w s h a w ,  19 7 8 ) ,  b u t  n o  c h a n g e  ( e . g .  R e d d y  et a l ., 1981b) ,  
d e c r e a s e s  ( e . g .  F l e m i n g ,  1973) ,  i n i t i a l  d e c r e a s e s  fo l lowed  b y  a n  i n c r e a s e  
( e . g .  E v a n s ,  1984) o r  a n  in i t i a l  i n c r e a s e  fo l low ed  b y  a  d e c r e a s e  ( e . g .  
J a r v i s  a n d  A u s t i n ,  1983) h a v e  a l s o  b e e n  r e p o r t e d .
Seasonal var ia t ion s  in h e rb a ge  s u lp h u r  content:
A g a i n ,  r e p o r t s  d i f f e r  a s  to  t h e  e f f e c t  t h a t  s e a s o n  h a s  on h e r b a g e  
to ta l  S c o n t e n t ;  n o  v a r i a t i o n  ( e . g .  Wil liams,  1975;  W h i te h e a d  et a l. ,
1983 fo r  P R G ) ,  i n c r e a s e s  a s  t h e  s e a s o n  p r o g r e s s e s  ( e . g .  K e r r ,  1981) ,  
d e c r e a s e s  a s  t h e  s e a s o n  p r o g r e s s e s  ( e . g .  W h i t e h e a d  et at.,  1983 fo r  
WC) a n d  in i t i a l  d e c l i n e s  fo l low ed  b y  i n c r e a s e s  ( e . g .  J a r v i s  a n d  A u s t i n ,
1983) . S p e c i e s  d i f f e r e n c e s  h a v e  a l so  b e e n  n o t e d ;  a d e c r e a s e  of  S 
with m a t u r i t y  h a s  b e e n  r e p o r t e d  f o r  a l fa l fa  ( P u m p h r e y  a n d  Moore ,  1965) .
T h e  r e a s o n  f o r  t h e  e x i s t e n c e  o f  c o n f l i c t i n g  r e p o r t s  a b o u t  t h e  
e f fec t  of  s e a s o n  on  h e r b a g e  C u ,  Mo a n d  S c o n t e n t s  is  b e c a u s e  m any  
f a c t o r s  i n f l u e n c e  t h e m .  F o r  e x a m p l e ,  soi l  t e m p e r a t u r e ,  soil  w a t e r  c o n t e n t ,  
f e r t i l i z e r  a p p l i c a t i o n s ,  g r a z i n g  m a n a g e m e n t / f r e q u e n c y  o f  de fo l ia t ion
which a f f e c t s  t h e  s t a g e  o f  m a t u r i t y  of  t h e  p l a n t ,  a n d  t h e  r e l a t i v e  s p e c i e s  
compos i t ion  o f  a  p a s t u r e  ( R e d d y  et a l . , 1981b)  . T h e  i n f l u e n c e  o f  t h e s e
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f a c t o r s  i n d i v i d u a l l y  i s  p o o r l y  u n d e r s t o o d  so t h e  c o m b in a t io n  of  s e v e r a l ,  
which may t h e m s e l v e s  b e  a f f e c t e d  b y  s e a s o n  i s  v e r y  d i f f i c u l t  to i n t e r p r e t ,  
so p r e d i c t i o n  of  t h e  e f f e c t  t h a t  s e a s o n  may h a v e  on t h e  o c c u r r e n c e  
of i n d u c e d  c o p p e r  d e f i c i e n c y  in  s h e e p  is  a l so  c o m p l i c a t e d ;  a u t u m n  
( S u t t l e ,  1982) ,  A u g u s t  ( D a v i e s  a n d  C r a w s h a w ,  1978) a n d  la t e  J u n e / e a r l y  
J u ly  ( J a r v i s  a n d  A u s t i n ,  1983) h a v e  al l b e e n  r e p o r t e d  to  b e  t h e  t im e s  o f  
h i g h e s t  r i s k .
A s u m m a r y  o f  t h e  r e p o r t e d  e f f e c t s  t h a t  t h e  f a c t o r s  d i s c u s s e d  
above  h a v e  on t h e  a v a i l a b i l i t y  o f  C u ,  Mo a n d  S to  p l a n t s  is  p r e s e n t e d  
in T ab le  1 . 6 .
Table  I j.6: . S u m m a r y  t a b l e  o f  t h e  r e p o r t e d  i n f l u e n c e s  of  v a r i o u s  f a c t o r s  
u p o n  t h e  a v a i l a b i l i t y  of  c o p p e r ,  m o l y b d e n u m  a n d  s u l p h u r  
to  p l a n t s .
F a c t o r C u
E le m e n t
Mo S
pH 1 1 1 1
OM . 1 9 1
Poor  d r a i n a g e 1 1 1 1 ?
Season / / /
O t h e r  n u t r i e n t s : N 11 1 ? 1
P 1 (1 ) 1 1
K 1 ? 1 ? 1 ?
o t h e r s / / /
M ic r o o r g a n i s m s M y c o r r h i z a R h i z o s p h e r e M in e ra l i za t io n
1 -  i n c r e a s e
1 -  d e c r e a s e
1 1 -  i n c r e a s e s  a n d  d e c r e a s e s  r e p o r t e d  
? -  l i t e r a t u r e  is  i n c o n c l u s i v e
^ -  a n  i n t e r a c t i o n  o c c u r s
NB Th is  table is a gene ra l iza t ion , specif ic  in teract ions  will d epend  
on soil t y p e , initial soil n u tr ien t  s t a tu s , p lant  sp e c ie s , p lant  
p a r t , etc.
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4. INDUCED C O P P E R  D EFICIEN CY  IN SHEEP
4 .1  S u s c e p t i b i l i t y
T h e  s u s c e p t i b i l i t y  of  a  s h e e p  to  i n d u c e d  C u  d e f i c i e n c y  will v a r y  
with  g e n e t i c ,  p h y s i o l o g i c a l  a n d  d i e t a r y  f a c t o r s .
(a) P h y s io lo g y
T h e  e f f i c i e n c y  w i th  w h i c h  a  r u m i n a n t  c a n  a b s o r b  C u  d e c r e a s e s  
r a p i d l y  f ro m  80-90% a t  b i r t h  to  <10% a t  w e a n i n g  a n d  i n t o  m a t u r i t y  ( S u t t l e ,  
1974) .  T h i s ,  c o u p l e d  w i th  t h e  d e c l i n e  in  C u  c o n t e n t  o f  e w e ' s  milk a s  
l a c ta t io n  p r o g r e s s e s  ( A s h t o n  et a l. ,  1977) ,  c a n  h a v e  a s i g n i f i c a n t  
e f f e c t  on  i n d u c e d  C u  d e f i c i e n c y  a s  t h e  lam b s  m u s t  o b t a i n  a  p r o p o r t i o n  
of t h e i r  C u  r e q u i r e m e n t s  f r om  t h e  h e r b a g e  -  w h ic h  may n o t  b e  p o s s i b l e  
( s e e  p a g e  2 ) .
(b) Genetic factors
D i f f e r e n t  b r e e d s  of  s h e e p  h a v e  d i f f e r i n g  s u s c e p t i b i l i t i e s  to  i n d u c e d  
Cu d e f i c i e n c y  a p p a r e n t l y  b e c a u s e  o f  v a r y i n g  e f f i c i e n c i e s  o f  C u  a b s o r p ­
t ion (W ien e r  et a !.,  1978) .  T h e  S c o t t i s h  B l a c k f a c e ,  a  p r e d o m i n a n t  
b r e e d  on  S c o t t i s h  hi l l  f a r m s ,  i s  more  s u s c e p t i b l e  to  i n d u c e d  C u  d e f i c i e n c y  
t h a n  C h e v i o t s ,  Welsh m o u n t a i n  s h e e p  o r  a n y  o f  t h e i r  c r o s s b r e e d s  (W ie n e r  
a n d  F i e l d ,  1970) .
(c) D ie ta ry  factors
As a l r e a d y  d i s c u s s e d  ( p a g e  3), i t  is  t h e  r e l a t i v e  c o n c e n t r a t i o n s  
of C u ,  Mo a n d  S in  t h e  s h e e p ' s  d i e t  r a t h e r  t h a n  t h e  a b s o l u t e  c o n c e n t r a ­
t ions  w h ic h  a r e  i m p o r t a n t .  T h e  e x a c t  b a l a n c e  o f  t h e  t h r e e  t h a t  g i v e s  
r i s e  to  p r o b l e m s  is  n o t  k n o w n ,  b u t  Mil timore a n d  Mason (1971)  in a 
s t u d y  w i th  c a t t l e  s u g g e s t  t h a t  a  h e r b a g e  Cu  : Mo r a t i o  o f  <2 : 1 c a n  
cause  i n d u c e d  C u  d e f i c i e n c y .
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S e v e r a l  f a c t o r s  may i n f l u e n c e  t h e  b a l a n c e  o f  C u ,  Mo a n d  S in  
the  s h e e p ' s  d i e t :
Pa stu re  improvement  -  d i s c u s s e d  a b o v e .
Soil inge st ion  -  Up to  20% o f  t h e  d r y  m a t t e r  i n t a k e  o f  a s h e e p  
may be  soil  (M A FF,  1982);  t h e  q u a n t i t y  o f  soil  i n g e s t e d  will v a r y  
with  t y p e  o f  p a s t u r e ,  m a n a g e m e n t  f a c t o r s ,  soi l t y p e ,  s e a s o n  a n d  w e a t h e r  
c o n d i t i o n s ,  b u t  t e n d s  to  b e  e s p e c i a l l y  h i g h  in  t h e  a u t u m n  a n d  w i n t e r  
m o n th s  w h e n  g r a s s  i s  in  s h o r t  s u p p l y  ( T h o r n t o n ,  1983) .  T h e  a v a i l a b i l i t y  
of  d i e t a r y  C u  to  t h e  s h e e p  i s  r e d u c e d  b y  soil  i n g e s t i o n  r e g a r d l e s s  o f  
t h e  soil Mo c o n t e n t  -  a n  i n c l u s i o n  o f  10% soi l in  t h e  d i e t  l e a d s  to  a 50% 
r e d u c t i o n  in  C u  a v a i l a b i l i t y  to  s h e e p  ( S u t t l e  et a l . , 1975) .  T h e  r e d u c ­
t ion c o u ld  o c c u r  e i t h e r  d u e  to  a s s o c i a t i o n  o f  d i e t a r y  C u  w i th  o n e  o r  
more soil  c o l lo id s  ( J a r v i s  a n d  A u s t i n ,  1983) o r  b e c a u s e  o f  i n t e r a c t i o n  
of t r a c e  e l e m e n t s ,  n o t a b l y  F e ,  in  t h e  soil  w i th  d i e t a r y  C u  -  h e a v y  meta l  
s u l p h i d e s  m ay  b e  f o r m e d  in  t h e  r u m e n  w h ic h  r e l e a s e  t h e i r  s u l p h i d e  in  
t h e  a c id  a b o m a s u m  w h e r e  i t  c a n  co m p le x  w i th  C u ,  g i v i n g  u n a b s o r b a b l e  
CuS ( S u t t l e  et a l ., 1984) .
O ther trace elements  -  D i e t a r y  C u  may i n t e r a c t  w i th  t r a c e  e l e m e n t s  
in  t h e  d i e t  o t h e r  t h a n  Mo a n d  S ,  e . g .  Mn a n d  F e ,  so  r e d u c i n g  i t s  
a v a i l a b i l i t y  (M A F F ,  1982) .
Type  o f  feed  -  S u p p l e m e n t a r y  a n d  c o n s e r v e d  f e e d s  g e n e r a l l y  h a v e  
h i g h e r  a v a i l a b l e  c o p p e r  c o n t e n t s  t h a n  f r e s h  h e r b a g e  -  t h e y  r e l e a s e  
a g r e a t e r  p r o p o r t i o n  o f  t h e i r  C u  t h a n  f r e s h  h e r b a g e  in t h e  d i g e s t i v e  
t r a c k  b e y o n d  t h e  r u m e n ,  t h e  r u m e n  i s  t h e  s i t e  o f  t h e  C u  x  Mo x  S 
a n t a g o n i s m  ( S u t t l e ,  1983a) .
I t  h a s  b e e n  o b s e r v e d  t h a t  s h e e p  c a n  a b s o r b  C u  t h r e e - t i m e s  more 
e f f i c i e n t ly  f r om  h a y  t h a n  from s u m m e r  p a s t u r e ,  a n d  s i x - t i m e s  more
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e f f i c i e n t ly  t h a n  from a u t u m n  p a s t u r e  ( S u t t l e ,  1982) .  B r a s s i c a s  a l so 
h a v e  h i g h e r  Cu  a b s o r b a b i l i t y  t h a n  f r e s h  h e r b a g e ,  b u t  b e c a u s e  t h e y  
h a v e  low c o p p e r  c o n t e n t s  t h e  a m o u n t  o f  C u  a b s o r b e d  will b e  low ( S u t t l e ,  
1 9 8 3 b ) .
An  e x a m p l e  o f  t h e  c o m b i n e d  e f f e c t  o f  t h e s e  d i e t a r y  f a c t o r s  is 
th e  r e d u c e d  i n c i d e n c e  of  s w a y b a c k  a f t e r  a  h a r d  w i n t e r  ( A l lo w a y ,  1973) ,  
b e c a u s e  of  i n c r e a s e d  s u p p l e m e n t a r y  f e e d i n g  a n d  d e c r e a s e d  soil  i n g e s t i o n  
(L ew is ,  1975) .
4 .2  P r e v e n t i o n
T h e r e  i s  n o  c u r e  f o r  s w a y b a c k  so t r e a t m e n t  m u s t  b e  b a s e d  on 
p r e v e n t i o n  b y  a d m i n i s t r a t i o n  o f  C u  w h ic h  may a l s o  r a i s e  lamb g r o w t h  
r a t e s  (Whi te law et a !.,  1977, 19 7 9 ) .  T h e  p r o p h y l a c t i c  a p p r o a c h e s  t h a t  
h a v e  b e e n  t a k e n  a r e  r e v i e w e d  b y  S A C / S A R I  ( 1982) a n d  MAFF ( 1982) 
a n d  i n c l u d e  -  a d d i t i o n  o f  c o p p e r  f e r t i l i z e r  to  p a s t u r e s ,  i n j e c t i o n  of 
c o p p e r  c o m p o u n d s  ( e . g .  CuSOt*, C u - a m i n o  a c i d  s a l t s ,  C u C a E D T A )  a n d  
ora l  a d m i n i s t r a t i o n  of C u  v i a  l i c k s ,  d r e n c h e s  a n d  d r i n k i n g  w a t e r  o r ,  
more r e c e n t l y ,  a s  c o p p e r  o x id e  n e e d l e s  (Whi te law et a I . ,  1980) .
5. O B J E C T IV E S  OF STUDY AND OUTLIN E OF EXPERIMENTAL WORK
T h e r e  i s  i n f o r m a t i o n  a v a i l a b l e  on  t h e  s o i l - p l a n t  r e l a t i o n s h i p s  
of C u ,  Mo a n d  S s e p a r a t e l y ,  b u t  l i t t l e  is  k n o w n  a b o u t  t h e  3 e l e m e n t s  
t o g e t h e r , p a r t i c u l a r l y  in  t h e  hi l l  s i t u a t i o n . H e n c e  t h e  p r o g r a m m e  of  
e x p e r i m e n t a l  w o r k  p r e s e n t e d  in  t h i s  t h e s i s  was d e s i g n e d  to i n v e s t i g a t e  
t h e  e f f e c t  t h a t  t h e  v a r i o u s  p r o c e s s e s  u n d e r t a k e n  d u r i n g  hi l l  i m p r o v e m e n t  
( r e v i e w e d  a b o v e )  h a v e  on t h e  s o i l - p l a n t  r e l a t i o n s h i p s  o f  t h e  3 e l e m e n t s  
t o g e t h e r .  I t  i s h o p e d  t h a t  t h e  i n f o r m a t i o n  d i s c o v e r e d ,  t o g e t h e r  wi th  
o t h e r  w o r k  c u r r e n t l y  b e i n g  c a r r i e d  o u t  a t  HFRO m a y ,  a t  a f u t u r e  d a t e ,
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ac t  a s  a b a s i s  f o r  s e l e c t i n g  h i l l  s i t e s  f o r  i m p r o v e m e n t ,  a n d  i m p r o v e m e n t  
t e c h n i q u e s  l e a s t  l i k e ly  to  g iv e  r i s e  to  i n d u c e d  C u  d e f i c i e n c y  in s h e e p .
An  in i t i a l  s c r e e n i n g  o f  24 so i l s  w as  p e r f o r m e d  a n d  9 w ere  s e l e c t e d  
to  g iv e  a r a n g e  o f  t h e  main c h a r a c t e r i s t i c s  b e l i e v e d  to  i n f l u e n c e  h e r b a g e  
c o n t e n t  o f  C u ,  Mo a n d  S .  Al l  o f  t h e  so i l s  w e r e  u s e d  in  a p r e l i m i n a r y  
e x p e r i m e n t  ( E x p e r i m e n t  1) b u t  in  s u b s e q u e n t  m o re  d e t a i l e d  e x p e r i m e n t s  
t h e  n u m b e r  w as  r e d u c e d  to  2 o r  3. T h e  e x p e r i m e n t s  w e r e  mainly c o n d u c t e d  
in t h e  g l a s s h o u s e  a n d  w e re  d e s i g n e d  t o  i n v e s t i g a t e  t h e  i n f l u e n c e  o f  soil  
t y p e ,  lime a p p l i c a t i o n ,  soi l w a t e r  s t a t u s ,  p l a n t  s p e c i e s  a n d  f e r t i l i z e r  a n d  
c o p p e r  a p p l i c a t i o n s .
C H A P T E R  II 
M a te r i a l s  a n d  M e t h o d s
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T h e  o b j e c t i v e  of  t h i s  s t u d y  w a s  to  t r y  a n d  e l u c i d a t e  t h e  m e c h a n i s m s  
u n d e r l y i n g  d i f f e r e n c e s  in m i n e r a l  c o n c e n t r a t i o n s ,  sp e c i f i c a l ly  C u ,  Mo 
a n d  S,  b e t w e e n  i n d i g e n o u s  hi ll  v e g e t a t i o n  a n d  sow n  p a s t u r e ,  fol lowing 
i m p r o v e m e n t  o f  t h e  so i l .  F o r  t h i s  o b j e c t i v e  to  b e  r e a l i s e d  it  was n e c e s s a r y  
to  i n v e s t i g a t e  t h e  i n d i v i d u a l  e f f e c t s  o f  soi l  t r e a t m e n t s  a n d  t h e  i n t e r a c t i o n s  
b e t w e e n  t h e  t r e a t m e n t s  w i t h o u t  t h e  c o n f u s i n g  i n f l u e n c e s  of  e x t e r n a l  
e n v i r o n m e n t a l  c o n d i t i o n s .  T h e r e f o r e  t h e  t e c h n i q u e  o f  p o t  e x p e r i m e n t a t i o n  
u n d e r  s t a n d a r d  g l a s s h o u s e  c o n d i t i o n s  w as  u s e d  r a t h e r  t h a n  f ie ld  e x p e r i ­
m en ts  .
T h e  p r o b l e m s  of  t r y i n g  to  e x t r a p o l a t e  f r om  t h e  r e s u l t s  of p o t  
e x p e r i m e n t s  to  t h e  f i e ld  b e c a u s e  o f  t h e  n a t u r e  o f  t h e  f o r m e r  t y p e  of 
e x p e r i m e n t s  ( r e s t r i c t e d  p o t  v o l u m e ,  a r t i f i c i a l  t e m p e r a t u r e  a n d  m o i s t u r e  
r e g im e s  a n d  l a c k  o f  c o m p e t i t i v e  i n f l u e n c e s ) ,  a r e  a c k n o w l e d g e d .  H o w e v e r ,  
r e l a t i v e  r e s p o n s e s  o f  p l a n t  g r o w t h  a n d  n u t r i e n t  c o n t e n t  to  soil  am e l io ra ­
t ion a n d  t h e  p r i n c i p l e s  o f  t h e  m e c h a n i s m s  u n d e r l y i n g  t h e s e  r e s p o n s e s  
s h o u ld  b e  b r o a d l y  a p p l i c a b l e  in  b o t h  l a b o r a t o r y  a n d  f i e ld  c o n d i t i o n s .
At  t h e  l e a s t ,  t h e  i n t e r a c t i o n s  b e t w e e n  t r a c e  e l e m e n t  u p t a k e ,  a p p l i c a t i o n  
of lime a n d  f e r t i l i z e r s ,  a n d  soi l  t y p e  a n d  c o n d i t i o n s  s h o u l d  b e  a p p l i c a b l e  
to  t h e  i n t e r p r e t a t i o n  o f  soi l a n d  h e r b a g e  n u t r i e n t  c o n t e n t  d e t e r m i n e d  
on sa m p le s  t a k e n  in  t h e  f i e l d .
1. SOIL C OLLECTION AND P R E P A R A T IO N
(a) P re lim inary  s u r v e y
2 - 3  k g  s a m p l e s  of  t o p  s o i l ,  0-15  cm,  w e r e  c o l l e c t e d  u s i n g  a  s t a i n ­
l e s s  s t e e l  s p a d e .  T h e  s a m p l e s  w e r e  o v e n - d r i e d  a t  a b o u t  25°C fo r  a p p r o x i ­
mately o n e  w e e k ,  p a s s e d  t h r o u g h  a  s t a i n l e s s  s t e e l  s i e v e  (2 mm m esh )  
a n d  t h e n  s t o r e d  in p l a s t i c  c o n t a i n e r s  to  a w a i t  a n a l y s i s .
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(b) B u lk  samples
T h e  t u r f  a n d  r o o t  mat  w e r e  r e m o v e d  from a n  a r e a  a p p r o x i m a t e l y  
6 m2 , a n d  100-250 k g  of  t o p s o i l ,  0-15 cm,  was  c o l l e c t e d .  T h e  soil  was 
p a r t i a l l y  a i r - d r i e d ,  a n d  t h e n  p a s s e d  t h r o u g h  a  c o a r s e  s i e v e  (1  cm m e s h )  
to r e m o v e  l a r g e  s t o n e s .  T h e  soi l  w a s  t h e n  c o m p le t e ly  a i r - d r i e d  a n d  
p l a c e d  in  p o l y t h e n e  l i n e d  p l a s t i c  d u s t b i n s  f o r  s t o r a g e .
Soil 6 ,  t h e  p e a t ,  w as  c o l l e c t e d  a s  d e s c r i b e d  a b o v e ,  b u t  o n c e  
p a r t i a l l y  a i r - d r i e d  i t  was s h r e d d e d  b e f o r e  b e i n g  p a s s e d  t h r o u g h  t h e  
c o a r s e  s i e v e  a n d  s t o r e d  mois t  in  a  p o l y t h e n e  l i n e d  p l a s t i c  d u s t b i n  a t  
4 ° C .
2. SOIL A NALYSIS  
U n le s s  o t h e r w i s e  s t a t e d :
• all soi l  a n a l y s e s  w e r e  p e r f o r m e d  on  a i r - d r i e d  soi l s i e v e d  
<2 m m ;
• fo r  h i g h l y  o r g a n i c  so i l s  h a l f  t h e  q u a n t i t y  o f  soil  s t a t e d  was  
t a k e n ;
• fo r  f r e s h  so i l s  in  E x p e r i m e n t  6 ,  tw ice  t h e  q u a n t i t y  of  soil  
s t a t e d  was  t a k e n .
2.1  P h y s i c a l  C h a r a c t e r i s t i c s  
Field capac ity
A s i n t e r e d  g l a s s  c r u c i b l e  o f  k n o w n  w e i g h t  w a s  t a k e n ,  t h e  s i n t e r  
s a t u r a t e d ,  t h e  c r u c i b l e  r e w e i g h e d ,  a n d  t h r e e - q u a r t e r s  f i l led  w ith  so i l .
T h e  c r u c i b l e  was i m m e r s e d  in  w a t e r  to  t h e  same d e p t h  a s  t h e  soi l f o r  
two h o u r s  a n d  w as  t h e n  r e m o v e d  a n d  l e f t  c o v e r e d  u n t i l  d r a i n a g e  h a d  
c e a s e d .  T h e  soi l  a n d  c r u c i b l e  w e r e  d r i e d  a t  105°C u n t i l  c o n s t a n t  w e i g h t  
was a t t a i n e d ,  t h e y  w e re  t h e n  c o o le d  a n d  r e w e i g h e d  a n d  t h e  F ie ld  C a p a c i t y  
(FC)  c a l c u l a t e d  ( a f t e r  Al len  et al. , 1974) .
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w e i g h t  o f  w a t e r  in  soil a t  s a t u r a t i o n
„ , , ., w e i g h t  o f  s a t u r a t e d  s i n t e r  ( g )  x  100% Fie ld  c a p a c i t y  = ----- 52------------------------------------------- =-------------
o v e n - d r y  w e i g h t  o f  soi l ( g )
Particle fractionation
50 g o f  soi l  w e r e  t a k e n  a n d  t r e a t e d  w i th  30% h y d r o g e n  p e r o x i d e  
to d e s t r o y  o r g a n i c  m a t t e r .  T h e  soi l  w as  t h e n  h e a t e d  t o  e v a p o r a t e  e x c e s s  
m o is tu re  p r i o r  to  d i s p e r s i o n  in  100 ml o f  5% C a l g o n .  A f t e r  s t a n d i n g  
o v e r n i g h t  t h e  s u s p e n s i o n s  w e r e  s t i r r e d  f o r  5 m i n u t e s  u s i n g  a  h i g h  
s p e e d  d i s p e r s i o n  m a c h in e  a n d  t h e n  d i l u t e d  to  1 l i t r e  in  a  m e a s u r i n g  
c y l i n d e r  a n d  p l a c e d  in  a  c o n s t a n t  t e m p e r a t u r e  room a t  1 9 . 5 ° C .  H y d r o m e t e r  
r e a d i n g s  w e r e  t a k e n  a t  4 m i n u t e s  48 s e c o n d s  a n d  a t  6 h o u r s  a f t e r  d i s p e r s ­
ion ( a f t e r  F l o a t e ,  1965) .  T h e  c a l c u l a t i o n s  p e r f o r m e d  w e r e :
o. c l ay <2 ^  _ C o r r e c t e d  h y d r o m e t e r  r e a d i n g  a t  6 h  ( g  l~x) x  100
0 .5 0  x  % d r y  m a t t e r  o f  soi l  ( g )
o. ( s ^ t  + c i a y ) C o r r e c t e d  h y d r o m e t e r  r e a d i n g  a t  4 min 48 s ( g l -1) x  100
0 .5 0  x  % d r y  m a t t e r  o f  soi l  ( g )
% s i l t ,  <20 urn = % ( s i l t  + c l a y )  -  % c lay
H y d r o m e t e r  r e a d i n g s  w e r e  c o r r e c t e d  f o r  d i f f e r e n c e s  in  t e m p e r a t u r e  
from 19 .5°C  a n d  f o r  t h e  C a l g o n  p r e s e n t .
pH
D ry  soil: 2 x  ml o f  0 .0 1 M  c a lc iu m  c h l o r i d e  w e r e  a d d e d  to  x  g o f  soil
a n d  t h e  s u s p e n s i o n  s t i r r e d .  A f t e r  s t a n d i n g  f o r  30 m i n u t e s  t h e  s u s p e n ­
sion was  s t i r r e d  a g a i n  a n d  l e f t  to  s t a n d  f o r  a f u r t h e r  30 m i n u t e s  w h e n  
th e  pH of  t h e  s u s p e n s i o n  w a s  d e t e r m i n e d  ( a f t e r  S c h o f i e ld  a n d  T a y l o r ,
1955).
Fresh soil:  A s l u r r y  was m ade  o f  t h e  soil  u s i n g  0 .0  lM C a C l 2 a n d  a f t e r
30 m in u te s  t h e  pH o f  s l u r r y  was d e t e r m i n e d .
51.
Moisture pe rcen tage
1 g o f  soi l w as  w e i g h e d  i n t o  a  c r u c i b l e  o f  k n o w n  w e i g h t  a n d  d r i e d  
a t  105°C u n t i l  c o n s t a n t  w e i g h t  w as  a t t a i n e d .  T h e  soil  a n d  c r u c i b l e  
were coo led  a n d  r e w e i g h e d  a n d  t h e  m o i s t u r e  p e r c e n t a g e  c a l c u l a t e d :
& mo^s ^u r e  -  l o s s  in  w e i g h t  o f  soil  on  d r y i n g  ( g )  x  100
i n i t i a l  w e i g h t  o f  soi l ( g )
Loss  on ignition
T h e  soil  a n d  c r u c i b l e  f r om  t h e  m o i s t u r e  p e r c e n t a g e  d e t e r m i n a t i o n  
were  p l a c e d  in  a  m uf f l e  f u r n a c e  a t  500°C f o r  2 h o u r s ,  t h e y  w e re  c oo led  
a n d  w e i g h e d  a n d  t h e  l o s s  on  i g n i t i o n  p e r c e n t a g e  c a l c u l a t e d .
o , l o s s  in w e i g h t  o f  soi l on a s h i n g  ( g )  x  100% loss  on i g n i t i o n  = ------------------ 5--------------------------------& a -----------o v e n - d r y  w e i g h t  o f  soi l  ( g )
2. 2 Chemica l  C h a r a c t e r i s t i c s
Extractable aluminium
5 g  o f  soi l  w e r e  s h a k e n ,  o n  a  r e c i p r o c a t i n g  s h a k e r ,  wi th  50 ml
M ammonium a c e t a t e  (NH^OAc) s o l u t i o n ,  pH 4 . 5 ,  f o r  1 h o u r  a n d  t h e
r e s u l t i n g  s u s p e n s i o n  f i l t e r e d  ( V a n  D e n  H e n d e  et al. , 1952) .  T h e  a m o u n t
of Al in  t h e  f i l t r a t e  w a s  d e t e r m i n e d  b y  a n  a u t o m a t e d  c o lo r im e t r i c  t e c h n i q u e
u s i n g  a l i z a r i n  r e d  a s  t h e  i n d i c a t o r  ( L a n c a s t e r  a n d  B a l a s u b r a u m a n i a m ,
1974, m od i f i ed  b y  E v a n s ,  u n p u b . ) .
Extractable ca lc ium , i r o n , m agne s ium , m anganese  a n d  potassium
T h e  c o n c e n t r a t i o n  o f  C a ,  F e ,  Mn a n d  Mg in  t h e  NHi+OAc e x t r a c t  
p r e p a r e d  f o r  Mo w e r e  d e t e r m i n e d  b y  atomic a b s o r p t i o n  s p e c t r o m e t r y  
(AAS) a n d  t h a t  of  K b y  f lame e m is s io n  s p e c t r o m e t r y  u s i n g  a IL 251 
atomic a b s o r p t i o n  s p e c t r o m e t e r  a t  4 2 2 .7 ,  248.  3, 2 7 9 .5 ,  285.2 a n d  766 .5
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nm r e s p e c t i v e l y .  S o l u t i o n s  a n d  s t a n d a r d s  w e r e  d i l u t e d  100x  w i th  0.1% 
LaCl3 to  a c t  a s  a  r e l e a s i n g  a g e n t ;  f o r  Mn 0.1% S n C l 2 w as  a l so  a d d e d  
to e n s u r e  a l l  t h e  Mn w as  in  t h e  same o x i d a t i o n  s t a t e .
O rgan ic  ca rbon
0 .2  g  o f  f i n e l y  g r o u n d  soi l w as  d i g e s t e d  in  50 ml o f  a c i d  d i c h r o m a t e  
r e a g e n t  ( 0 . 4  N K 2C r 20 7 in  H 2S 0 4 + H 3P 0 4) f o r  o n e  h o u r  u n d e r  r e f l u x .  
The  e x c e s s  d i c h r o m a t e  w a s  t i t r a t e d  a g a i n s t  s t a n d a r d  f e r r o u s  s u l p h a t e  
( a p p r o x i m a t e l y  0 . 4  N) u s i n g  d i p h e n y l a m i n e  i n d i c a t o r  in  t h e  p r e s e n c e  
of a w h i te  b a c k g r o u n d  of  b a r i u m  s u l p h a t e  ( T i n s l e y ,  1950) .
Cation e x c h a n g e  capac ity
2 g  o f  soi l  w e r e  s a t u r a t e d  w i t h  50 ml o f  a b u f f e r e d  B a 2+ s o l u t i o n ,  
t h i s  was l e f t  o v e r n i g h t  a n d  t h e n  c e n t r i f u g e d  a t  3750 g f o r  30 m i n u t e s  
a n d  t h e  pH of  t h e  s u p e r n a t a n t  m e a s u r e d .  T h e  p r o c e s s  w as  r e p e a t e d  
with  f r e s h  b u f f e r  u n t i l  t h e  p H  o f  t h e  s u p e r n a t a n t  w a s  w i th in  0 .1  pH 
u n i t  of t h a t  o f  t h e  b u f f e r ,  a t  w h ic h  s t a g e  i t  was j u d g e d  t h a t  e q u i l i b r i u m  
h a d  b e e n  o b t a i n e d .  T h e  e x c e s s  B a 2+ w as  w a s h e d  o u t  o f  t h e  soil  u s i n g  
50 ml d e i o n i s e d  w a t e r  ( w h i c h  w as  t h e n  d i s c a r d e d )  a n d  50 ml 0.025M 
MgSOij s o l u t i o n  w a s  a d d e d  a n d  t h e  soil  l e f t  f o r  tw o  h o u r s  f o r  e x c h a n g e  
to o c c u r  b e t w e e n  M g 2+ a n d  B a 2 + . T h e  s u s p e n s i o n  w as  c e n t r i f u g e d  
a n d  th e  c o n c e n t r a t i o n  o f  M g2+ in  t h e  s u p e r n a t a n t  w as  d e t e r m i n e d  b y  
EDTA t i t r a t i o n  ( a f t e r  B a s c o m b ,  1964) .
T h i s  p r o c e s s  w as  p e r f o r m e d  o v e r  a r a n g e  o f  p H s  from 2 to  8 
u s i n g  t h e  b u f f e r  s o l u t i o n s  o f  H e l l i n g  et al. ( 1964) a n d  t h e  f i e ld  CEC , 
t h a t  a t  t h e  pH of  t h e  soi l  in MgSOi*, w as  c a l c u l a t e d  ( L o g a n  a n d  F l o a t e ,  
p e r s . c o m m . ) .
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Extractable  co p p e r
20 g  o f  soi l  w e r e  s h a k e n ,  e n d - o v e r - e n d , w i th  100 ml of  0.05M 
e t h y l e n e  d i a m i n e t e t r a a c e t i e  a c i d ,  pH 7 .0  (E D T A )  f o r  90 m i n u t e s  a t  20°C 
± 1°C ( V i r o ,  1955) .  T h e  r e s u l t i n g  s u s p e n s i o n  w a s  c e n t r i f u g e d  a t  20 ,000  g 
fo r  20 m i n u t e s  a n d  t h e  c o n c e n t r a t i o n  o f  C u  p r e s e n t  in  t h e  s u p e r n a t a n t  
d e t e r m i n e d  b y  AAS a t  324 .7  nm u s i n g  a IL 251 a tom ic  a b s o r p t i o n  s p e c t r o ­
m e te r .
Extractab le  m olybdenum
(a)  T h e  Mo c o n t e n t  of  t h e  24 so i l s  i n i t i a l ly  s c r e e n e d  was d e t e r m i n e d
b y  T . E .  E d m o n d s ,  M a cau lay  I n s t i t u t e  o f  Soil R e s e a r c h ,  u s i n g  a  d i f f e r e n t i a l  
p u l s e  p o l a r o g r a p h i c  t e c h n i q u e  on  a  n e u t r a l  NH^OAc soil  e x t r a c t  ( E d m o n d s ,
1982) .
(b)  10 g  o f  soi l  w e r e  s h a k e n ,  e n d - o v e r - e n d ,  w i th  150 ml NH^OAc,  
pH 7 . 0 ,  f o r  16 h o u r s  a n d  t h e  r e s u l t i n g  s u s p e n s i o n  w as  c e n t r i f u g e d  a t  
20,000 g f o r  30 m i n u t e s .  T h e  a m o u n t  o f  Mo in  t h e  s u p e r n a t a n t  was 
d e t e r m i n e d  b y  f l a m e le s s  AAS a t  3 13 .3  n m , u s i n g  a n  IL F a s t a c  II a u t o ­
i n j e c to r  w i t h  a n  IL 455 f l a m e le s s  a t o m i z e r  a n d  a n  IL 251 atomic a b s o r p t i o n  
s p e c t r o m e t e r .
T h e  s e q u e n c e  of  o p e r a t i o n  of  t h e  IL F a s t a c  II w a s :  s t a g e  1 -
om i t t ed ;  s t a g e  2 -  t h e  c u v e t t e  w as  h e a t e d  to  170°C a n d  t h e  soil  e x t r a c t  
i n j e c t e d  f o r  40 s e c o n d s ;  s t a g e  3 -  t h e  t e m p e r a t u r e  w as  r a i s e d  from 
170°C to  750°C o v e r  10 s e c o n d s ;  s t a g e  4 -  t h e  t e m p e r a t u r e  w as  i n c r e a s e d  
from 750°C to  1250°C o v e r  15 s e c o n d s ;  s t a g e  5 -  t h e  t e m p e r a t u r e  was 
i n s t a n t l y  r a i s e d  to  3000°C;  a n d  s t a g e  6 -  t h e  c u v e t t e  was h e l d  a t  3000°C 
fo r  a b o u t  15 s e c o n d s .  T h e  e x t r a c t s  w e r e  all  c o r r e c t e d  fo r  t h e  p r e s e n c e  
of b a c k g r o u n d  i n t e r f e r e n c e ;  s t a n d a r d  a d d i t i o n s  w e re  u s e d ,  s p i k i n g  
m o ly b d en u m  in t o  a b u l k e d  sam ple  o f  s e v e r a l  e x t r a c t s  ( M a c k e n z i e ,  u n p u b . ) .
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Nitrogen
Total n it rogen :  T h e  s e m i m i c r o - K j e l d a h l  m e t h o d  w a s  u s e d  a f t e r  B r e m n e r
( 1960).  0 . 1 -  0 .7 5  g of  f i n e ly  g r o u n d  soil  ( a m o u n t  d e p e n d e n t  u p o n
l o s s - o f - i g n i t i o n  %) w e r e  d i g e s t e d  in 3 ml c o n c e n t r a t e d  s u l p h u r i c  a c id  
with one  2 g  t a b l e t  o f  p o t a s s i u m  s u l p h a t e - m e r c u r i c  o x i d e  c a t a l y s t  fo r  
2\ h o u r s  u n d e r  r e f l u x .  T h e  a m o u n t  o f  a m m o n i u m - n i t r o g e n  in t h e  d i g e s t  
was d e t e r m i n e d  b y  a n  a u t o m a t e d  c o lo r i m e t r i c  t e c h n i q u e  u s i n g  t h e  i n d o -  
p h e n o l  b l u e  r e a c t i o n  (A l len  et at. , 1974) .
Nitrate n it ro ge n :  10 g  o f  f r e s h  soi l  w e r e  s h a k e n  o n  a  r e c i p r o c a t i n g
s h a k e r  w i th  50 ml o f  d i s t i l l e d - d e i o n i s e d  w a t e r  f o r  1 h o u r ,  a n d  t h e  s u s p e n ­
sion f i l t e r e d .  T h e  f i l t r a t e  w a s  f r o z e n  a n d  t h e  c o n c e n t r a t i o n  of  n i t r a t e  
p r e s e n t  d e t e r m i n e d  a t  a  l a t e r  d a t e  u s i n g  a n  O r i o n  model  93-07 n i t r a t e  
ion e l e c t r o d e  (Milham et al. , 1970) .
Ammonium n it ro gen :  10 g  o f  f r e s h  soi l  w e r e  s h a k e n  on  a r e c i p r o c a t i n g
s h a k e r  w i th  50 ml 2M p o t a s s i u m  c h l o r i d e  f o r  1 h o u r  a n d  t h e  s u s p e n s i o n  
f i l t e r e d .  T h e  f i l t r a t e  was f r o z e n  a n d  t h e  c o n c e n t r a t i o n  o f  ammonium 
p r e s e n t  d e t e r m i n e d  a t  a  l a t e r  d a t e  u s i n g  a n  O r i o n  model  95-10 ammonia 
e l e c t r o d e  on  20 ml o f  f i l t r a t e  to  w h ic h  2 ml o f  0 . 2 5  M sod iu m  h y d r o x i d e  
h a d  b e e n  a d d e d  ( B a n w a r t  et a l . ,  1972) .
Extractable  p h o sp h o ru s
T h e  c o n c e n t r a t i o n  o f  P in  t h e  N f k O A c  e x t r a c t  p r e p a r e d  f o r  Al 
was d e t e r m i n e d  b y  a n  a u t o m a t e d  c o lo r im e t r i c  t e c h n i q u e  b a s e d  on  t h e  
fo rm at ion  o f  m o l y b d e n u m  b l u e  ( I r o n s i d e ,  u n p u b . ) .
Extractable su lphate
15 g o f  soil  w e r e  s h a k e n  e n d - o v e r - e n d , w i th  75 ml 0.016M p o t a s ­
sium d i h y d r o g e n  o r t h o p h o s p h a t e  s o lu t io n  ( 500 mg I -1 POi,3 - ) fo r  l h o u r .
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T h e  s u s p e n s i o n  was f i l t e r e d ,  a b o u t  1 g  o f  a c i d - w a s h e d  c h a r c o a l  a d d e d  
to d e c o l o u r i z e  t h e  e x t r a c t ,  a n d  s h a k i n g  w as  r e s u m e d  f o r  a f u r t h e r  h o u r  
( a f t e r  M assoum i  a n d  C o r n f i e l d ,  1963) .  T h e  s u s p e n s i o n  was t h e n  c e n t r i ­
f u g e d  a t  20 ,000  g  fo r  30 m i n u t e s  a n d  t h e  c o n c e n t r a t i o n  o f  SO^2- in 
t h e  s u p e r n a t a n t  was  d e t e r m i n e d  b y  a n  a u t o m a t e d  t u r b i d i m e t r i c  t e c h n i q u e  
u s i n g  b a r i u m  c h l o r i d e  ( a f t e r  Wall et at. , 1980) .
3. PLANT ANALYSIS 
Copper
0 . 1  g  o f  d r i e d ,  mil led h e r b a g e  w as  d i g e s t e d  in  1 ml c o n c e n t r a t e d  
H N 0 3 a n d  e v a p o r a t e d  to  d r y n e s s ;  a f u r t h e r  1 ml c o n c e n t r a t e d  H N 0 3 
p l u s  1 ml 30% H 20 2 w e re  a d d e d  a n d  t h e  d i g e s t  a g a i n  e v a p o r a t e d  to  d r y ­
n e s s .  T h e  r e s i d u e  was d i s s o l v e d  in  2 .5  ml 5% H N O s a n d  t h e  c o n c e n t r a ­
t ion of  C u  p r e s e n t  d e t e r m i n e d  b y  AAS a t  324 .7  nm  u s i n g  a IL 251 a tomic  
a b s o r p t i o n  s p e c t r o m e t e r .
Molybdenum
T h e  d i g e s t  p r e p a r e d  f o r  t h e  C u  d e t e r m i n a t i o n  w as  d i l u t e d  10 x  
with  d i s t i l l e d  w a t e r  a n d  t h e  a m o u n t  o f  Mo p r e s e n t  d e t e r m i n e d  b y  f l a m e le s s  
AAS a t  3 1 3 .3  nm u s i n g  a n  IL F a s t a c  I I a u t o i n j e c t o r  ( i n j e c t i o n  t ime 5 
s e c o n d s )  w i th  a IL 455 f l a m e l e s s  a t o m i z e r  a n d  a n  IL 251 a b s o r p t i o n  s p e c t r o ­
m e t e r .  T h e  s e q u e n c e  o f  o p e r a t i o n  o f  t h e  IL F a s t a c  II  w as  a s  f o r  t h e  
soil e x t r a c t s  b u t  a 5 s e c o n d  i n j e c t i o n  t ime w as  u s e d ,  n o t  a 40 s e c o n d  
o n e ,  a n d  s t a n d a r d s  w ere  p r e p a r e d  in  5% H N 0 3 .
Nitrogen
0 .0 2  g  o f  d r i e d  mil led h e r b a g e  was d i g e s t e d  in a 1 .2  ml o f  a 
s u l p h u r i c  a c i d - h y d r o g e n  p e r o x i d e  m i x t u r e  ( 350 ml 30% H 20 2 + 0 .21  g
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Se p o w d e r  + 7 g  LiSOi* + 210 ml 98% H 2SOi() a n d  d i l u t e d  to  10 ml ( P a r k i n s o n  
an d  A l l e n ,  1975) .  T h e  a m o u n t  o f  n i t r o g e n  p r e s e n t  was  d e t e r m i n e d  
b y  an  a u t o m a t e d  c o l o r i m e t r i c  t e c h n i q u e  u s i n g  t h e  i n d o p h e n o l  b l u e  r e a c t i o n  
(Allen et a l . , 1974) .
S u lp h u r
0 .3  g  o f  d r i e d  mil led h e r b a g e  w a s  g r o u n d  w i th  1 .7  g  d r i e d  c e l l u lo s e  
p o w d e r  in  a G l e n d e v o n  M260 b a l l  mill a n d  t h e  m i x t u r e  c o m p r e s s e d  in t o  
a d i sc  u s i n g  a  h y d r a u l i c  p r e s s .  T h e  d i s c  w a s  i n s e r t e d  in to  a P h i l l i p s  
PW 1212 X - r a y  f l u o r e s c e n c e  s p e c t r o m e t e r  a n d  t h e  a m o u n t  of S p r e s e n t  
d e t e r m i n e d  ( E v a n s ,  1970) .
Calcium , P h o sp h o ru s  a n d  Potass ium
T h e  c o n c e n t r a t i o n s  o f  C a ,  P a n d  K p r e s e n t  w e r e  d e t e r m i n e d  b y  
X - r a y  f l u o r e s c e n c e  s p e c t r o m e t r y  u s i n g  t h e  d i s c  p r e p a r e d  fo r  S d e t e r ­
minat ion .
4. THE EXPERIMENTS
4 .1  D e s i g n  o f  t h e  E x p e r i m e n t s
T h e  r e s u l t s  of  t h e  6 e x p e r i m e n t s  t h a t  a r e  r e p o r t e d  in  t h i s  t h e s i s  
will be  c o n s i d e r e d  in  r e l a t i o n  to  t h e  d i f f e r e n t  p r o c e s s e s  u n d e r t a k e n  
d u r i n g  h i l l  p a s t u r e  i m p r o v e m e n t ,  r a t h e r  t h a n  a s  a  s e t  o f  i n d i v i d u a l  
e x p e r i m e n t s .  F o r  e x a m p l e ,  d i s c u s s i o n  a b o u t  t h e  e f f e c t  o f  l iming com es  
from a c o n s i d e r a t i o n  of  t h e  r e s u l t s  o f  E x p e r i m e n t s  1, 2 a n d  4. T h e r e f o r e  
the  d e s i g n  o f  all t h e  i n d i v i d u a l  e x p e r i m e n t s  a r e  s u m m a r i s e d  h e r e  a n d  























































































































Experiment I: Soil x lime trial
B a s ic  d e s ign :
1A 9 soi ls  x  3 pH x  4 r e p s  ( P R G ;  3 s e q u e n t i a l  h a r v e s t s )
IB 3 so i l s  x  5 pH x  4 r e p s  ( P R G ;  3 d e s t r u c t i v e  h a r v e s t s )
PRG was  g r o w n  in  n i n e  so i l s  ( n u m b e r s  1 to  9) a t  t h r e e  p H s  (l ime 
l eve ls  0, 2 a n d  4) ( P a r t  A ) ;  t h r e e  o f  t h e  so i l s  ( N o s  2, 4 a n d  8) w e r e  
s t u d i e d  in  more  d e t a i l  a t  tw o  a d d i t i o n a l  p H s  (l ime l e v e l s  1 a n d  3) ( P a r t  
B ) . T h e  a m o u n t s  o f  l ime to  a p p l y  to  t h e  so i l s  to  g iv e  a r a n g e  o f  pH 
from n a t u r a l  ( 3 . 0 - 4 .  9) to  6 . 5  w e r e  d e t e r m i n e d  fr om  a p r e l i m i n a r y  lime 
r e q u i r e m e n t  e x p e r i m e n t ,  w h e r e  t h e  pH o f  e a c h  soi l  w as  m e a s u r e d  48 
h o u r s  a f t e r  t h e  a d d i t i o n  o f  s e v e n  l e v e l s  of  l i m e . A 1 : 1 m i x t u r e  of  
M g C 0 3 : C a C 0 3 w a s  a d d e d  t o  a l l  so i l s  in  t h i s  a n d  s u b s e q u e n t  e x p e r i m e n t s ,  
as  e v i d e n c e  e x i s t s  t h a t  f o r  a t  l e a s t  o n e  o f  t h e  so i l s  s t u d i e d  m a g n e s i u m , 
r a t h e r  t h a n  ca lc ium  l im e s to n e  s h o u l d  b e  a p p l i e d  in  t h e  f i e ld  to  a c h i e v e  
maximum r e s p o n s e  t o  l im ing  ( R a n g e l e y ,  p e r s .  c o m m . ) .  D e ta i l s  of  t h e  
lime a d d i t i o n s  a r e  g i v e n  in  A p p e n d i x  1..1, T a b l e  A l . l .
E a c h  t r e a t m e n t  was  r e p l i c a t e d  f o u r  t im es  a n d  p o t s  w e re  a r r a n g e d  
as  f o u r  c o m p le t e ly  r a n d o m i z e d  b l o c k s ;  a n  a d d i t i o n a l  p o t  o f  e a c h  t r e a t ­
ment  was p r e p a r e d  w h ic h  w as  u s e d  f o r  p r e l i m i n a r y  soi l  a n a l y s i s .  T h r e e  
h a r v e s t s  w e r e  t a k e n  on  d a y s  35,  60 a n d  90; t h e  h e r b a g e  g r o w i n g  on  
t h r e e  soi ls  in  E x p e r i m e n t  IB w a s  h a r v e s t e d  d e s t r u c t i v e l y ,  a n d  t h a t  
on t h e  o t h e r  so i l s  in  E x p e r i m e n t  1A s e q u e n t i a l l y .
At  t h e  s t a r t  o f  t h e  e x p e r i m e n t ,  b a s a l  NPK f e r t i l i z e r s  w e re  a p p l i e d  
to e ach  p o t  a t  r a t e s  e q u i v a l e n t  t o  60 k g  N h a - 1 , 48 k g  P h a -1 a n d  60 k g  
K h a -  \  A f t e r  t h e  f i r s t  h a r v e s t  a f u r t h e r  N a p p l i c a t i o n  e q u i v a l e n t  
to 30 k g  N h a -1 was m a d e ,  a n d  a f t e r  t h e  s e c o n d  a n  a p p l i c a t i o n  e q u i v a l e n t  
to 45 k g  N h a - 1 . See  A p p e n d i x  1 .1  f o r  d e t a i l s .
59.
Experiment 2: Soil x  methods a n d  rates o f  lime application x spec ie s
trial
B a s ic  de s ign
2A 3 so i l s  x  3 pH x  2 s p e c i e s  x  4 r e p s  (2  s e q u e n t i a l  
h a r v e s t s )
2B 3 soi ls  x  3 pH x  2 m e t h o d s  of  a p p l i c a t i o n  x  4 r e p s  
( P R G ;  2 s e q u e n t i a l  h a r v e s t s )
PRG a n d  WC w e r e  g r o w n  in t h r e e  so i l s  ( N o s  2, 4 a n d  8) a t  t h r e e  
p H s ; t h e  lime was e i t h e r  a p p l i e d  to  all  t h e  so i l ,  o r  to  t h e  top  30% b y  
w e igh t  of  t h e  soil  in  t h e  p o t  ( t o p  25% b y  v o lu m e )  -  a p p l i c a t i o n  m e t h o d s  
A a n d  S r e s p e c t i v e l y .  T h e  a m o u n t s  o f  lime to  a p p l y  to  t h e  soi l s  to  
give p H s  o f  4 . 5 ,  5 . 5  a n d  6 . 5  ( l ime l e v e l s  1, 2 a n d  3 r e s p e c t i v e l y )  w h e n  
a p p l i c a t i o n  m e t h o d  A was u s e d ,  w e r e  d e t e r m i n e d  f rom  E x p e r i m e n t  1; 
de ta i l s  a r e  g i v e n  in  A p p e n d i x  1 . 2 ,  T a b l e  A 1 . 2 .  E a c h  t r e a t m e n t  was  
r e p l i c a t e d  f o u r  t im e s  a n d  t h e  p o t s  w e r e  a r r a n g e d  a s  f o u r  c o m p le te ly  
r a n d o m iz e d  b l o c k s .  T w o  s e q u e n t i a l  h a r v e s t s  w e r e  t a k e n  on  d a y s  40 
a n d  70.
At  t h e  s t a r t  o f  t h e  e x p e r i m e n t ,  b a s a l  NPK f e r t i l i z e r s  w e r e  a p p l i e d  
to each  p o t  a t  r a t e s  e q u i v a l e n t  to  60 k g  N h a - 1 , 48 k g  P h a -1 a n d  60 
k g  K h a - 1 . A t  g e r m i n a t i o n ,  20 ml o f  a s u s p e n s i o n  of  Rhizob ia  [ a p p r o x i ­
mately 1 : 1 F A 6 /E C A  : P 3 /E C A  ( S k i n n e r ,  1973)]  a t  a c o n c e n t r a t i o n  o f  
4 x 105 -  1 x  107 ce l l s  ml-1 w as  s p r a y e d  o n to  t h e  soi l s u r f a c e  of  e a c h  p o t  
A f te r  t h e  f i r s t  h a r v e s t  a n  N a p p l i c a t i o n  e q u i v a l e n t  to  30 k g  N h a -1 w a s  
made to e a c h  p o t  ( d e t a i l s  in  A p p e n d i x  1 . 2 ) .
Experiment 3: Soil x  n itrogen  form x  n itrogen  level trial
B a s ic  de s ign
2 so i ls  x  3 N - l e v e l s  x  3 f o r m s  o f  N x 4 r e p s  ( P R G ;
1 d e s t r u c t i v e  h a r v e s t )
60.
PRG was g r o w n  in  tw o  so i l s  ( N o s  2 a n d  8) w h i c h  h a d  b e e n  l imed 
to pH 5 . 5 .  T h e  e f f e c t  o f  fo rm  a n d  l ev e l  o f  n i t r o g e n  f e r t i l i z e r  on h e r b a g e  
g r o w th  a n d  n u t r i e n t  u p t a k e  w a s  i n v e s t i g a t e d  u s i n g  n i t r a t e - n i t r o g e n  
( a s  C a ( N 0 3) 2) ,  a m m o n i u m - n i t r o g e n  ( a s  N H ^ H C 0 3) a n d  u r e a  ( N H 2C O N H 2) 
at  t h r e e  l e v e l s  o f  a p p l i c a t i o n  - 0 , 1  a n d  2, e q u i v a l e n t  to  0, 40 a n d  80 k g  
N h a - 1 , r e s p e c t i v e l y .  A t  t h e  s t a r t  o f  t h e  e x p e r i m e n t ,  b a s a l  P a n d  K 
fe r t i l i z e r  w a s  a p p l i e d  to  e a c h  p o t  a t  r a t e s  e q u i v a l e n t  to  48 k g  P h a -1 
a n d  60 k g  K h a - 1 . D e ta i l s  o f  t h e  a m o u n t  o f  f e r t i l i z e r  a d d e d  a r e  g i v e n  
in A p p e n d i x  1 . 3 .  E a c h  t r e a t m e n t  w as  r e p l i c a t e d  f o u r  t im e s  a n d  t h e  
p o t s  a r r a n g e d  a s  tw o  c o m p l e t e l y  r a n d o m i z e d  b l o c k s  -  tw o r e p l i c a t e s  
p e r  b l o c k .  ( F o r  n i t r o g e n  l e v e l  0, w h e r e  fo rm  c o u l d  n o t  b e  v a r i e d ,
8 no t  12 p o t s  w e r e  s e t  u p ;  s t a t i s t i c a l  a n a l y s e s  o f  t h e  e x p e r i m e n t  was 
p e r f o r m e d  b y  i n t r o d u c i n g  a  f a c t o r  c a l l e d  ' c o n t r o l '  -  t h e  p r e s e n c e  or  
a b s e n c e  o f  n i t r o g e n  f e r t i l i z e r . )  O n e  d e s t r u c t i v e  h a r v e s t  was t a k e n  on  
d ay  42.
Experiment  4: Soil x  lime x  p h o sp h o r u s  x  sp e c ie s  trial 
B a s ic  de s ign
2 so i l s  x  2 p H  x  3 P l e v e l s  x  2 s p e c i e s  x  4 r e p s  (2  s e q u e n t i a l  
h a r v e s t s )
PRG a n d  WC w e r e  g r o w n  in  tw o  soi ls  ( N o s  2 a n d  8) a n d  t h e  e f f e c t  
of v a r i a t i o n s  in  t h e  l e v e l s  o f  l ime a n d  p h o s p h a t e  f e r t i l i z e r  on h e r b a g e  
g r o w th  a n d  n u t r i e n t  u p t a k e  w e r e  i n v e s t i g a t e d .  T w o  l e v e l s  o f  lime to  
give pH s  o f  5 .0  a n d  6 . 5  ( l ime l e v e l s  1 a n d  2) a n d  3 l e v e l s  of  P ( 1 ,  2 
a n d  3) e q u i v a l e n t  to  P a p p l i c a t i o n s  of  24, 48 a n d  96 k g  h a - 1 , r e s p e c ­
t i v e ly ,  w e r e  u s e d .  N a n d  K w e r e  b o t h  a p p l i e d  a t  r a t e s  e q u i v a l e n t  to  60 
k g  h a -1 a t  t h e  s t a r t  o f  t h e  e x p e r i m e n t .  See  A p p e n d i x  1 .4  fo r  full  d e t a i l s  
of f e r t i l i z e r  a d d i t i o n s  m a d e .
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E a c h  t r e a t m e n t  w as  r e p l i c a t e d  f o u r  t im e s  a n d  t h e  p o t s  w e r e  
a r r a n g e d  a s  f o u r  c o m p l e t e l y  r a n d o m i z e d  b l o c k s ;  a n  a d d i t i o n a l  p o t  o f  
each t r e a t m e n t  w as  p r e p a r e d  w h i c h  w as  u s e d  f o r  p r e l i m i n a r y  soil  a n a l y s i s .  
Two h a r v e s t s  w e r e  t a k e n ,  o n  d a y s  36 a n d  52 w i th  a n  a p p l i c a t i o n  of 
40 k g  N h a -1 b e i n g  m ade  to  e a c h  p o t  a f t e r  t h e  f i r s t  h a r v e s t .
Experim ent 5: C o p p e r  fertilizer trial
B a s ic  de s ign
2 so i l s  x  2 C u - l e v e l s  x  2 s p e c i e s  x  4 r e p s  (2  s e q u e n t i a l
h a r v e s t s )
PRG a n d  WC w e r e  g r o w n  in  tw o  soi ls  ( N o s  2 a n d  8) w h ic h  h a d  b e e n  
limed ito p H ; 5 . 5 .  Two l e v e l s  o f  c o p p e r  f e r t i l i z e r  w e r e  a p p l i e d  ( a s  C u O ) ,
0 a n d  1 e q u i v a l e n t  to  0 a n d  10 k g  C u  h a - 1 , r e s p e c t i v e l y .  E a c h  t r e a t ­
ment  was r e p l i c a t e d  f o u r  t im e s  a n d  t h e  p o t s  w e r e  a r r a n g e d  in  two com ­
p le te ly  r a n d o m i z e d  b l o c k s  -  tw o  r e p l i c a t e s  p e r  b l o c k ;  a n  a d d i t i o n a l  
po t  of e a c h  t r e a t m e n t  w as  p r e p a r e d  w h ic h  w as  u s e d  f o r  a  p r e l i m i n a r y  
soil a n a l y s i s .  T w o  h a r v e s t s  w e r e  t a k e n  a f t e r  30 a n d  50 d a y s  f o r  t h e  
g r a s s ,  a n d  a f t e r  38 a n d  50 d a y s  f o r  t h e  c l o v e r .
At  t h e  s t a r t  o f  t h e  e x p e r i m e n t ,  b a s a l  NPK f e r t i l i z e r s  w e r e  a p p l i e d  
to e ach  p o t  a t  r a t e s  e q u i v a l e n t  to  60 k g  N h a - 1 , 48 k g  P h a -1 a n d  60 k g  
K h a - 1 . A f t e r  t h e  f i r s t  h a r v e s t  a  f u r t h e r  N a p p l i c a t i o n  e q u i v a l e n t  
to 40 k g  N h a -1 w as  m a d e .  Fu l l  d e t a i l s  o f  al l f e r t i l i z e r  a d d i t i o n s  a r e  
given  in  A p p e n d i x  1 . 5 .
Experiment 6: V a r y in g  moisture reg im es
B a s ic  de s ign
6A Soil i n c u b a t i o n  -  2 soi l s  x  2 pH x  2 H 20  r e g i m e s  x 
3 r e p s .
6B Pot  e x p e r i m e n t  -  2 so i l s  x  2 H 20  r e g i m e s  x  3 H 20  p r e ­
t r e a t m e n t s  x  3 r e p s  ( P R G ;  1 d e s t r u c t i v e  h a r v e s t )
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• Experim ent 6 A : Soil incubation
Two so i l s  ( N o s  2 a n d  8) w e r e  p l a c e d  in  c o v e r e d  p l a s t i c  b u c k e t s  
an d  i n c u b a t e d  in  a c o n s t a n t  t e m p e r a t u r e  g r o w t h  room a t  20°C f o r  3 
m o n t h s .  T h e  so i l s  w e r e  l e f t  e i t h e r  a t  t h e i r  n a t u r a l  pH o r  l imed to  pH 
6 .0 ,  lime l e v e l s  0 a n d  1 r e s p e c t i v e l y ,  a n d  w e r e  e i t h e r  k e p t  mois t  a t  
a p p r o x i m a t e l y  60% of  FC ( t r e a t m e n t  1) o r  w a t e r l o g g e d  w i th  2 .5  cm 
s t a n d i n g  w a t e r  on  t h e  soi l s u r f a c e  ( t r e a t m e n t  2 ) .  T h e  soi ls  w e r e  m a in ­
t a i n e d  a t  t h e  a p p r o p r i a t e  w a t e r  c o n t e n t s  b y  w e e k l y  a d d i t i o n s  of  d e i o n i s e d  
w a t e r .  T h r e e  r e p l i c a t e s  of  e a c h  t r e a t m e n t  w e r e  s e t  u p .  Soil s a m p le s  
for  im m ed ia te  c h e m ic a l  a n a l y s i s  w e r e  r e m o v e d  on d a y s  0,  3, 10, 24,
53 a n d  94 u s i n g  a  p l a s t i c  soi l  c o r e r .
• Experim ent 6 B : Pot experim ent
Soil f r om  t h e  l imed t r e a t m e n t s  in  E x p e r i m e n t  6A w as  u s e d  in  a 
p o t  e x p e r i m e n t  t o g e t h e r  w i th  soi l  t h a t  h a d  b e e n  s t o r e d  d r y  d u r i n g  
t h e  i n c u b a t i o n  p e r i o d  a n d  to  w h i c h  a n  e q u i v a l e n t  q u a n t i t y  of  lime was 
t h e n  a d d e d .  T h e r e  w e r e  t h u s  t h r e e  p r e t r e a t m e n t s  o f  d r y  ( 1 ) ,  mois t  
(2)  a n d  w a t e r l o g g e d  (3 )  s o i l s ,  r e s p e c t i v e l y .  T h e  w a t e r l o g g e d  soil  
h a d  t h e  s t a n d i n g  w a t e r  r e m o v e d  a n d  w a s  a l low ed  t o  d r y  o u t  s l i g h t l y  
for  s ix  w e e k s  b e t w e e n  E x p e r i m e n t s  6A a n d  6B .
PRG a n d  WC w e re  g r o w n  in  t h e  p r e t r e a t e d  so i l s  w h ic h  w e r e  k e p t  
a t  m o i s t u r e  c o n t e n t s  of  a p p r o x i m a t e l y  60% (1 )  a n d  90-100% (2)  o f  FC 
b y  w a t e r i n g  tw ic e  d a i ly  w i th  d e i o n i s e d  w a t e r .  T h e  t r e a t m e n t s  w ere  
r e p l i c a t e d  t h r e e  t im e s  a n d  t h e  p o t s  w e r e  a r r a n g e d  in  t h r e e  co m p le t e ly  
r a n d o m iz e d  b l o c k s .  NPK f e r t i l i z e r  a d d i t i o n s  e q u i v a l e n t  to  60 k g  N h a - 1 , 
48 k g  P h a -1 a n d  60 k g  K h a - 1  w e r e  m ade  to  e a c h  p o t  a t  t h e  s t a r t  of  
the  e x p e r i m e n t .  O ne  d e s t r u c t i v e  h a r v e s t  w as  t a k e n  a f t e r  36 d a y s  f o r  
the  g r a s s  a n d  a f t e r  43 d a y s  fo r  t h e  c l o v e r .  F u l l  d e t a i l s  of  all f e r t i l i z e r  
a d d i t i o n s  f o r  E x p e r i m e n t s  6A a n d  6B a r e  g i v e n  in  A p p e n d i x  1 .6 .
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4 .2  T e c h n i q u e s  U s e d  in  t h e  P o t  E x p e r i m e n t s
Preparation o f  the soil
T able  2 . 2 :  A m o u n t  of  s t o r e d 1 soi l  u s e d  to  fil l  10 cm d i a m e t e r  p l a n t
p o t .
Soil N o .  1 2 3 4 5 6 7 8 9
Wt soi l  ( g )  470 420 440 420 400 220 370 270 420
XA11 so i l s  e x c e p t  No.  6 w e r e  s t o r e d  a i r - d r y .  Soil 6 ( a  p e a t )  
was  s t o r e d  moist  a t  4 ° C .
All p o t s  w e r e  s e t  u p  i n d i v i d u a l l y  u s i n g  t h e  fo l lo w in g  t e c h n i q u e s .  
T h e  p r e - d e t e r m i n e d  a m o u n t  o f  soi l  ( s e e  T a b l e  2 . 2 )  w a s  w e i g h e d  in t o  
a  p l a s t i c  b a g  a n d  lime a n d  f e r t i l i z e r  in  p o w d e r  f o rm  w e r e  a d d e d  a c c o r d i n g  
to  t r e a t m e n t  ( s e e  A p p e n d i x  I ) ;  w e r e  p o s s i b l e  'A n a l a R '  ch e m ic a l s  w e r e  
u s e d .  T h e  b a g  was  t w i s t e d  s h u t  a n d  s h a k e n  v i g o r o u s l y  to  e v e n l y  d i s ­
t r i b u t e  t h e  c h e m ic a l s  t h r o u g h o u t  t h e  so i l .  O n c e  t h e  soil  d u s t  h a d  s e t t l e d  
t h e  b a g  w a s  o p e n e d  a n d  t h e  f e r t i l i z e r  a m e n d m e n t s  t h a t  w e r e  in  s o lu t i o n  
were a d d e d .  T h e  b a g  w a s  a g a i n  c l o s e d  a n d  s h a k e n  v i g o r o u s l y ,  b o t h  
to  lay t h e  soil  d u s t  a n d  to  c o m p l e t e  m i x i n g  o f  t h e  c h e m ic a l s  wi th  t h e  
soil .
T h e  t r e a t e d  soil  w a s  p l a c e d  in  a  10 cm d i a m e t e r  p l a s t i c  p l a n t  
p o t  w h ic h  w a s  g e n t l y  t a p p e d  to  h e l p  to  p a c k  t h e  so i l .  T h e  p o t  was l e f t  
for  10 d a y s  b e f o r e  p l a n t i n g  t o  a l low t h e  soil  t o  s e t t l e  w h i l s t  a t t a i n i n g  
70% of  f i e ld  c a p a c i t y  ( F C ) .  T h e  a m o u n t  o f  w a t e r  t o  a d d  to  e a c h  soil  
h a d  p r e v i o u s l y ,  b e e n  d e t e r m i n e d  ( a c c o u n t  w a s  t a k e n  o f  t h e  m o i s t u r e  
c o n t e n t  o f  t h e  s t o r e d  soi l )  a n d  r e g u l a r  a d d i t i o n s  o f  d e i o n i s e d  w a t e r  w e r e  
made to  e a c h  p o t ,  b o t h  f rom t h e  s u r f a c e  a n d  i n t o  t h e  c o n t a i n i n g  s a u c e r  
un t i l  t h e  c a l c u l a t e d  a m o u n t  h a d  b e e n  a p p l i e d .
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T h e  t o p  l a y e r  o f  soi l  w a s  r e m o v e d  fr om  e a c h  p o t  a n d  t h e  s e e d s  
e v e n l y  d i s t r i b u t e d  on  t h e  e x p o s e d  soil  s u r f a c e .  A small  sample  (5 -10 g) 
of t h e  soi l t h a t  h a d  b e e n  r e m o v e d  w as  r e t a i n e d  a n d  d r i e d  fo r  u s e  in 
soil pH d e t e r m i n a t i o n s ,  t h e  r e s t  w a s  u s e d  to  c o v e r  t h e  s e e d s .  T h e  s e e d s  
sown w e re  e i t h e r  40 s e e d s  o f  p e r e n n i a l  r y e g r a s s  ( Lolium pe renne )  c u l t i v a r  
S23 (P R G )  p l a c e d  1 cm be low  t h e  soi l  s u r f a c e  o r  30 s e e d s  of  w h i te  c l o v e r  
( 7 rifolium r e p e n s ) c u l t i v a r  New Z e a l a n d  G r a s s l a n d s  H u ia  (WC) p l a c e d
0.5  cm be low t h e  soil  s u r f a c e .  T o  minimize w a t e r  l o s s  p r i o r  to  g e r m i n a ­
t ion t h e  soi l  s u r f a c e  w a s  c o v e r e d  w i th  a n  i n v e r t e d  p l a s t i c  p e t r i  d i s h .
Main tenance
All e x p e r i m e n t s  w e r e  c o n d u c t e d  in  t h e  g l a s s h o u s e s  ( n o r t h - s o u t h  
o r i e n t a t e d )  a t  H F R O ,  B u s h  E s t a t e ,  P e n i c u i k .  When n e c e s s a r y  m e r c u r y  
v a p o u r  l a m p s  w e r e  u s e d  to  e x t e n d  t h e  d a y l e n g t h  to  16 h o u r s ,  a n d  s u p ­
p l e m e n t a r y  h e a t i n g  o r  r o o f  v e n t s  w e r e  u s e d  to  m a i n t a i n  t e m p e r a t u r e s  
of  c . 20°C ( r a n g e  1 5 - 2 3 ° C ) .
T h e  soil  w as  k e p t  a t  a p p r o x i m a t e l y  70% FC ( e x c e p t  in  E x p e r i m e n t  
6B) b y  d a i l y  s u r f a c e  w a t e r i n g  w i t h  d e i o n i z e d  w a t e r .  Twice  a  week  
all p o t s  w e r e  w e i g h e d  a n d  t h e  soi l  r e t u r n e d  a c c u r a t e l y  to  70% F C .
H arve st in g
H a r v e s t s  w e re  t a k e n  a t  t h e  i n t e r v a l s  d e t a i l e d  f o r  e a c h  e x p e r i m e n t .
Sequential h a r v e s t s :  PRG w a s  c u t  1 cm a b o v e  soi l  l e v e l .  WC p l a n t s
h a d  all l e a v e s  r e m o v e d  e x c e p t  t h e  n e w e s t  u n e x p a n d e d  o n e .  T h e  h e r b a g e  
was p l a c e d  in  smal l a lum in ium  foi l t r a y s  a n d  d r i e d  a t  80°C f o r  16 h o u r s .  
A f t e r  t h e  h a r v e s t  a smal l  d r e s s i n g  o f  N in  s o l u t i o n  was a p p l i e d  to e a c h  
po t  ( s e e  e x p e r i m e n t a l  d e s c r i p t i o n s  f o r  d e t a i l s ) .
A smal l soi l  sample  ( 3 - 8  g )  f o r  u s e  in  pH d e t e r m i n a t i o n s  was 
re m o v e d  f ro m  e a c h  p o t  u s i n g  a  p l a s t i c  soi l c o r e r  ( a b o u t  7 cm d e e p ) ;  
the  hole w a s  f i l l ed  w i th  a  smal l  c l e a r  p l a s t i c  t e s t  t u b e .
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D estru ct ive  h a r v e s t s :  PRG l e a v e s  w e r e  c u t  a t  soi l l e v e l  b u t  t h e  bo t tom
1 cm ( s t u b b l e )  w as  c o l l e c t e d  a n d  d r i e d  s e p a r a t e l y .  F o r  WC , l e a v e s  
were  c o l l e c t e d  s e p a r a t e l y  f ro m t h e  s t o l o n s .
T h e  soi l w as  l e f t  in  t h e  p o t s  f o r  2 d a y s  to  d r y  o u t  s l i g h t l y  b e f o r e  
b e i n g  r e m o v e d  a n d  p l a c e d  in  p l a s t i c  t r a y s  in  a n  o v e n  a t  c .  25°C to  
comple te  d r y i n g ,  b e f o r e  b e i n g  s t o r e d  f o r  u s e  in a n a l y s i s  (pH  m e a s u r e m e n t  
a n d  chem ica l  d e t e r m i n a t i o n s ) .
5. S T A T I S T I C A L  ANALYSES AND DA TA  PR E S E N T A T IO N
All p o t  e x p e r i m e n t s  w e r e  a r r a n g e d  a s  r a n d o m i z e d  b l o c k s ,  r e p l i ­
c a t e d  4 t i m e s ,  e x c e p t  f o r  E x p e r i m e n t  6 w h ic h  h a d  o n l y  3 r e p l i c a t e s .
S t a t i s t i c a l  a n a l y s e s  ( a n a l y s i s  o f  v a r i a n c e ,  c o r r e l a t i o n ,  e t c )  w e r e  
c a r r i e d  o u t  on  t h e  E d i n b u r g h  M u l t i - A c c e s s  C o m p u t e r  S y s t e m  u s i n g  
t h e  Mark 4 .0 4  r e l e a s e  o f  G e n s t a t  V [ c o p y r i g h t  1984,  L a w e s  A g r i c u l t u r a l  
T r u s t  ( R o t h a m s t e d  E x p e r i m e n t a l  S t a t i o n ) ]  a s  d e s c r i b e d  in  t h e  G e n s t a t  
manua l .
F o r  e a c h  a n a l y s i s  of  v a r i a n c e ,  a  p r e l i m i n a r y  a n a l y s i s  was p e r f o r m e d  
on th e  e x p e r i m e n t a l  d a t a ,  a n d  r e s i d u a l  v a l u e s  w e r e  p l o t t e d  a g a i n s t  
t h e  f i t t e d  v a lu e s . .  T h e  p l o t s  w e r e  s t u d i e d  to  d e t e r m i n e  w h e t h e r  t h e  
ini tia l  a n a l y s i s  was a d e q u a t e  o r  n o t ,  t h a t  is  w h e t h e r  o b v i o u s  o u t l i e r s  
s h o u ld  b e  e x c l u d e d  a n d  t r e a t e d  a s  m i s s i n g  v a l u e s  b y  G e n s t a t ,  o r  w h e t h e r  
all t h e  d a t a  s h o u l d  b e  s u b j e c t e d  to  a  l o g a r i t h m i c  t r a n s f o r m a t i o n .  I f  
raw  d a t a  v a l u e s  w e r e  e x c l u d e d  f o r  a n y  t r e a t m e n t ,  t h e  t r e a t m e n t  mean  
is m a r k e d  " in  t a b l e s  a n d  is  t h a t  g i v e n  b y  G e n s t a t .  T h a t  i s ,  i t  
i n c lu d e s  t h e  v a l u e  g e n e r a t e d  b y  G e n s t a t  t o  r e p l a c e  t h e  e x c l u d e d  o u t l i e r .
In t h e  r e s u l t s  s e c t i o n  ( C h a p t e r  I I I ) ,  u n l e s s  o t h e r w i s e  s t a t e d :
(1)  on ly  main e f f e c t s ,  a n d  o c c a s i o n a l l y  f i r s t  o r d e r ,  i n t e r a c t i o n s  a r e
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p r e s e n t e d ;  a n d  (2 )  al l i n c r e a s e s  o r  d e c r e a s e s  m e n t i o n e d  w e r e  s i g n i f i ­
c a n t  g e n e r a l l y  a t  p  <0.001 (* * * )  b u t  o c c a s io n a l ly  a t  p <0.01 (* * )  o r  
p <0.005 ( * ) .  I f  a n  i n c r e a s e  o r  d e c r e a s e  is  m e n t i o n e d  t h a t  was n o t  
s i g n i f i c a n t  i t  i s  t e r m e d  ' a p p a r e n t '  o r  'a t r e n d ' .
G r a p h s  w e r e  p l o t t e d  u s i n g  ' E a s y g r a p h '  v e r s i o n  2.17 ( c o p y r i g h t  
1983, E d i n b u r g h  R e g i o n a l  C o m p u t e r  C e n t r e ) .
C H A P T E R
R e s u l t s
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1. SELECTIO N OF SOILS
A p r e l i m i n a r y  s u r v e y  o f  t w e n t y - f o u r  hi l l  so i l s  w as  u n d e r t a k e n  in  
o r d e r  to  s e l e c t  a  sm a l le r  n u m b e r  o f  soi ls  f o r  u s e  in  e x p e r i m e n t a l  w o r k .
The  t w e n t y - f o u r  so i l s  w e r e  c o l l e c t e d  f ro m e l e v e n  s i t e s  ( F i g u r e  3 . 1 ) ;  
a t  e a c h  s i t e  tw o  smal l  soil  s a m p l e s  w e r e  c o l l e c t e d ,  o n e  from a n  i m p r o v e d  
a r e a  a n d  t h e  o t h e r  f rom a n  a d j a c e n t  u n i m p r o v e d  a r e a 1. T h e  s i t e s  w e r e  
s e l e c t e d  to  c o v e r  a  wide r a n g e  o f  d i f f e r e n t  soil  p h y s i c a l  a n d  chemica l  
c h a r a c t e r i s t i c s ,  p a r t i c u l a r l y  t h o s e  o f  i n t e r e s t  -  C u ,  Mo a n d  S c o n t e n t .
Fo r  e x a m p l e ,  s i t e  2 w as  s e l e c t e d  a s  t h e  soi l w a s  b e l i e v e d  to  h a v e  a 
h i g h  Mo c o n t e n t ,  s i t e s  10 a n d  11 w e r e  k n o w n  to  h a v e  g i v e n  r i s e  to  
s w a y b a c k  in  s h e e p ,  t h e  soi l  f rom s i t e  1 w a s  b e l i e v e d  t o  h a v e  a  h i g h  A1 
c o n t e n t  a n d  t h e  soi l  a t  s i t e  6 w a s  a  p e a t .
T h e  soi l  s a m p l e s  w e re  a n a l y s e d  f o r  t h e  fo l l o w in g  p h y s i c a l  a n d  
chemical  c h a r a c t e r i s t i c s  -  % d r y  m a t t e r ,  p H ,  % C ,  e x t r a c t a b l e  A l ,  e x t r a c ­
able C u ,  e x t r a c t a b l e  Mo, e x t r a c t a b l e  POi+3-- P  a n d  e x t r a c t a b l e  SOit2_- S  .
The  r e s u l t s  a r e  s h o w n  in  T a b l e  3 . 1  a n d  A p p e n d i x  I I .  F rom t h e s e  r e s u l t s ,  
soils 1A ( C a r r ó n  V a l l e y ) ,  3A ( G l e n s a u g h ,  B i r n i e ) , 4B ( G l e n s a u g h ,
West F in e l l a )  , 5A ( H a r t w o o d )  , 6A ( H o u s e  o '  M u i r ) ,  7A ( L e p h i n m o r e ) ,
9A ( S o u r h o p e ,  B r o w n  E a r t h ) ,  10A ( S o u r h o p e ,  P e a t y  P odzo l)  a n d  11A 
(S o u t h  S l i p p e r f i e l d )  w e re  c h o s e n  f o r  f u r t h e r  i n v e s t i g a t i o n .  T h e  soi ls  
were  t h e n  r e n u m b e r e d  1 to  9, r e s p e c t i v e l y  ( t h e s e  soi l  n u m b e r s  a r e  u s e d  
t h r o u g h o u t  t h e  t h e s i s ) .
T h e  s e l e c t i o n  of  t h e  n i n e  so i l s  w as  c a r r i e d  o u t  b y  g r o u p i n g  t h e  
t w e n t y - f o u r  so i l s  i n t o  t h r e e  s e t s :  >4 mg e x t r a c t a b l e  C u  k g -1 so i l ,  1 . 2 -
4 mg k g -1 a n d  <1 .2  mg k g -1 ( M a c k e n z i e ,  1974) . F ro m  e a c h  s e t  t h r e e
1From s i t e  2, D u m f r i e s s h i r e ,  f o u r  s a m p l e s  w e r e  c o l l e c t e d ,  all f rom a r e a s  
which h a d  b e e n  i m p r o v e d .  T h e  s i t e  was n o t  a h i l l  s i t e  b u t  t h e  soil 
was b e l i e v e d  to  h a v e  a h i g h  Mo c o n t e n t ,  a l t h o u g h  t h e  a n a l y s i s  d id  n o t  
confi rm t h i s .
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F i g u r e  3 . 1 :  Lo ca t io n  o f  t h e  s i t e s  w h e r e  soil  w as  s a m p l e d  in  t h e
p r e l i m i n a r y  s u r v e y .
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(mg kg-1 oven dry soil)
Cu Mo SO„2~-S
1A Carron Valley Peaty gley 3.7 4.4 0.006 28.0
IB Carron Valley Brown forest soil 5.2 3.4 0.004 3.2
2a Gillrigg, Brown forest soil 5.7 1.5 0.024 3.7
2b Parkgate Brown forest soil 5.7 3.3 0.011 4.5
2c Gillrigg Alluvial/Peat 6.1 5.1 0.025 2:4
2d Parkgate Alluvial 5.2 1.9 0.043 5.1
3A Glensaugh-Birnie Cultivated brown 
forest soil
3.5 5.8 0.021 47.0
3B Glensaugh-Birnie Cultivated brown 
forest soil
4.7 2.6 0.095 9.4
4A Glensaugh- 
West Finella
Peaty podzol on thin 
stony drift
3.2 2.4 0.014 14.0
4B Glensaugh- 
West Finella
Humus iron podzol 
on deep till
4.2 0.9 0.305 4.8
5A Hartwood Non-calcareous gley 3.3 2.1 0.069 8.7
5B Hartwood Non-calcareous gley 5.0 3.1 0.016 3.8
6A House O'Muir Brown forest soil 3.6 2.6 0.014 16.0
6B House O'Muir Brown forest soil 5.2 1.8 0.027 1.9
7 A 2 Lephinmore Peat 4.0 4.5 <0.004 ' 26.0
7B Lephinmore Peat 4.9 8.3 <0.004 ts3 O
8A Redesdale 3 Peaty gley 5.4 3.0 0.016 18.0
8B Redesdale Peaty gley 4.5 1.4 0.013 2.6
9A Sourhope I Brown forest soil, 
low base status
3.5 2.5 0.009 2.0
9B Sourhope I Skeletal soil 6.2 2.4 0.033 <0.03
10A Sourhope II Peaty podzol 3.2 1.0 0.044 14.0
10B Sourhope II Non-calcareous gley 5.7 3.1 0.039 8.2
11A South Slipperfield Brown forest soil 4.8 0.8 0.016 4.7
11B South Slipperfield Brown forest soil 5.0 1.3 0.026 1.0
S t a n d a r d  e r ro r 0. 02 0. 74 Jt u 2. 28
A - indigenously vegetated site 
B - improved site
All samples from site 2 
(Dumfriesshire) were from 
improved areas.
The analyses for the peat were performed 
on air-dry  samples (as for all the soils); 
and are not strictly comparable to the 
other values presented.
Soil type 'T ' as defined in 
'The Soils of Redesdale Experimental 
Husbandry Farm, Northumberland', 
MAFF.
The Mo analyses were performed by the 
Macaulay Institute for Soil Research on single 
samples so no standard error is available; 
see Edmonds ( 1982) for an indication of the 
precision of the method.
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soils w e re  c h o s e n  s u c h  t h a t  t h e  s u b s e t  c o v e r e d  a wide  r a n g e  o f  t h e  
o t h e r  m e a s u r e d  c h a r a c t e r i s t i c s .  T h e  s u b s e t s  w e r e  1, 2 a n d  6; 4,
5 a n d  7; 3 , 8  a n d  9 -  h i g h ,  m o d e r a t e  a n d  low c o p p e r  g r o u p s ,  r e s p e c ­
t i v e l y .  F i n a l l y ,  f rom w i th in  e a c h  g r o u p  o n e  soil  w a s  c h o s e n  to  b e  s t u d i e d  
in more d e t a i l  -  soil  n u m b e r s  2 ( G l e n s a u g h ,  B i r n i e ) , 4 ( H a r t w o o d )  a n d  
8 ( S o u r h o p e ,  P e a t y  P o d z o l ) ; t h e s e  3 so i l s  t h e m s e l v e s  g a v e  a wide  r a n g e  
of t h e  m e a s u r e d  c h a r a c t e r i s t i c s .
B u l k  s a m p l e s  of  t h e  n i n e  so i l s  w e r e  c o l l e c t e d  f o r  u s e  in p o t  e x p e r i ­
m en ts  a n d  s a m p l e s  o f  t h e  so i l s  w e r e  a n a l y s e d  f o r :  p H ,  C E C , % c l a y ,
%LOI,  % C ,  % t o t a l  N a n d  e x t r a c t a b l e  C u ,  Mo, SCU2-- S ,  C a ,  POi,3_- P ,
K,  Al ,  Mn, F e  a n d  Mg.  T h e  r e s u l t s  a r e  s h o w n  in T a b l e  3 . 2 .
T h e  v a l u e s  f o r  t h e  m e a s u r e d  c h a r a c t e r i s t i c s  o f  a  soi l f rom a p a r t i c ­
u l a r  s i t e  a r e  n o t  i d e n t i c a l  f o r  t h e  in i t i a l  sample  (24 so i l s )  a n d  t h e  b u l k  
sample (9  s o i l s ) .  T h i s  is  d u e  to  s e v e r a l  r e a s o n s ,  i n c l u d i n g :  s e a s o n a l
in f l u e n c e s  -  t h e  t w e n t y - f o u r  smal l  s a m p l e s  w e r e  c o l l e c t e d  in  N o v e m b e r ,  
whi ls t  t h e  n i n e  b u l k  s a m p l e s  w e r e  t a k e n  in  J u l y / A u g u s t ;  s a m p l i n g  
t e c h n i q u e  -  t h e  smal l  s am ple  c o n s i s t e d  o f  s e v e r a l  b u l k e d  sm a l le r  s a m p l e s  
t a k e n  from t h e  s i t e , w h i l s t  t h e  b u l k  sam ple  was all c o l l e c t e d  from one  
p i t ;  a n d  t h e  sam ple  p r e p a r a t i o n  -  t h e  smal l  s a m p le s  w e r e  d r i e d  in a n  
oven  a t  <25°C,  w h e r e a s  t h e  b u l k  s a m p l e s  w e re  a i r - d r i e d  in  a g l a s s h o u s e .  
G e n e r a l l y ,  h o w e v e r ,  f o r  a g i v e n  v a r i a b l e  t h e  o r d e r  o f  r a n k i n g  o f  t h e  
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73.
2. R ESU LTS OF EXPERIMENTS
T h e  r e s u l t s  of  t h e  s ix  e x p e r i m e n t s  t h a t  w e r e  u n d e r t a k e n  for  
t h i s  t h e s i s  a r e  r e p o r t e d  in  t h e  f o l lo w in g  s e c t i o n .  In  al l e x p e r i m e n t s  
s t a t i s t i c a l  a n a l y s i s  r e v e a l e d  t h a t  t h e  m a j o r i t y  o f  t r e a t m e n t  main e f f e c t s  
a n d  most  f i r s t ,  s e c o n d  a n d  t h i r d  o r d e r  i n t e r a c t i o n s  ( i f  p r e s e n t )  w e re  
s i g n i f i c a n t  a t  p  < 0 .0 5 ,  p  <0.01  o r  p  <0.001  ( i . e .  *, ** a n d  *** r e s p e c ­
t i v e l y ) ;  s o ,  g e n e r a l l y ,  o n l y  main  e f f e c t s  a n d  t h e  i n t e r a c t i o n s  w hich  
p r o d u c e d  t h e  l a r g e s t  r e s p o n s e s  a r e  d e s c r i b e d .
F o r  e a c h  e x p e r i m e n t  t h e  r e s u l t s  a r e  p r e s e n t e d  in  t h e  o r d e r :
( a )  soi l d a t a  -  p H ,  e x t r a c t a b l e  C u ,  Mo a n d  SOt,2_- S  c o n c e n t r a t i o n s  
t o g e t h e r  w i t h  C a ,  N a n d  P c o n c e n t r a t i o n s  i f  t h e s e  w e re  m e a s u r e d ;
( b )  h e r b a g e  d a t a  -  DM p r o d u c t i o n ,  C u ,  Mo a n d  S c o n c e n t r a t i o n s ,
a n d  C a ,  N o r  P c o n c e n t r a t i o n s  f o r  t h o s e  e x p e r i m e n t s  in  w h ich
t h e s e  n u t r i e n t s  w e r e  s t u d i e d .
T h e  d a t a  i s  g e n e r a l l y  p r e s e n t e d  g r a p h i c a l l y  a n d  t h e  s t a n d a r d  
e r r o r  ( s . e . )  o f  t h e  m ean  i s  i n d i c a t e d  b y  a  b a r .  T h e  p r i m a r y  d a t a  ( t r e a t ­
m en t )  m e a n s  i s  g i v e n  in A p p e n d i x  I I I , u n l e s s  t a b l e s  o f  d a t a  a r e  g iv e n  
in t h e  t e x t  (NB f o r  e x p l a n a t i o n  o f  " s ee  p a g e  6 5) .
2 .1  E x p e r i m e n t  1: A n  in vest igat ion  into the effect o f  liming on the
( P a r t s  A a n d  content o f  cop p e r ,  m olybdenum  a n d  su lp h u r  in 
B)  perenn ia l r y e g r a s s  grow n  in n ine  Scottish  hill
s o i l s .
T h e  b a s i c  d e s i g n  w a s :
1A 9 soi l s  ( 1 - 9 )  x  3 pH ( l ime l e v e l s  L0,  L2,  L4)  x  4 r e p l i c a t e s
g r o w i n g  PRG wi th  3 s e q u e n t i a l  h a r v e s t s  on d a y s  35, 60, 90.
IB 3 soi ls  ( 2 ,  4,  8) x  5 pH ( l ime l e v e l s  L0,  L I ,  L2,  L3 ,  L4) x  4
r e p l i c a t e s  g r o w i n g  PRG w i th  3 d e s t r u c t i v e  h a r v e s t s  on d a y s  
35, 60 a n d  90. (F u l l  d e t a i l s  a r e  g i v e n  in C h a p t e r  I I ,  Sec t ion  4 . 1 ) .
74.
T h e  d a t a  f o r  soil  pH a n d  p l a n t  DM p r o d u c t i o n  a r e  p l o t t e d  a g a i n s t  
t ime.  D a ta  f o r  all  o t h e r  v a r i a b l e s  a r e  p l o t t e d  a g a i n s t  t h e  soil pH at  
t h e  h a r v e s t  u n d e r  c o n s i d e r a t i o n .  T h i s  l a t t e r  a p p r o a c h  w as  t a k e n  b e c a u s e  
pH was c o n s i d e r e d  to  b e  a  m ore  r e a l i s t i c  m e a s u r e  o f  t r e a t m e n t  d i f f e r e n c e s  
t h a n  lime l e v e l ,  s i n c e  n o t  o n ly  w e r e  t h e  p H s  o f  t h e  d i f f e r e n t  soils  a t  
t h e  same l ime l e v e l s  n o n - i d e n t i c a l  ( e s p e c i a l l y  a t  l ime l e v e l  0) b u t  a l so  
d i f f e r e n t  a m o u n t s  o f  lime h a d  b e e n  a d d e d  to  t h e  d i f f e r e n t  soi ls  a t  t h e  
same lime l e v e l  ( s e e  T a b l e  A l . l ) .
P r i m a r y  d a t a  f o r  t h e  e x p e r i m e n t  a r e  g i v e n  in  A p p e n d i x  3 . 1 .  T h e  
v a l u e s  f o r  h e r b a g e  v a r i a b l e s  f o r  so i l s  2,  4 a n d  8 a t  lime l e v e l s  0, 2 
a n d  4 f o r  t h e  f i r s t  a n d  s e c o n d  h a r v e s t  in  P a r t  B a r e  n o t  a lw a y s  i d e n t i c a l  
to  t h o s e  in  P a r t  A . T h i s  a n o m a ly  a r i s e s  b e c a u s e  t r e a t m e n t s  in  P a r t  B 
w ere  h a r v e s t e d  d e s t r u c t i v e l y  w h i l s t  t h o s e  in P a r t  A w e r e  h a r v e s t e d  
s e q u e n t i a l l y ;  h e n c e  d i f f e r e n t  h e r b a g e  s a m p l e s  w e r e  a n a l y s e d  f o r  t h e  
same t r e a t m e n t  in  t h e  tw o  p a r t s  o f  t h e  e x p e r i m e n t .
A n a l y s e s  o f  v a r i a n c e  of  t h e  r e s u l t s  s h o w e d  t h a t  in  P a r t  A all 
h e r b a g e  p a r a m e t e r s  a t  e a c h  o f  t h e  t h r e e  h a r v e s t s  a n d  t h e  soil  p a r a m e t e r s  
a t  t h e  c o n c l u s i o n  of  t h e  e x p e r i m e n t  h a d  v e r y  h i g h l y  s i g n i f i c a n t  ( p  <0 .001)  
soil  a n d  lime main  e f f e c t s  a n d  soi l  x  l ime i n t e r a c t i o n s .  T h e  r e s u l t s  f o r  
Pa id  B s h o w e d  t h a t  soi l p H ,  soil  C u ,  Mo a n d  S c o n t e n t s  a n d  h e r b a g e  
d r y  m a t t e r  p r o d u c t i o n ,  Mo a n d  S c o n t e n t s  to  h a v e  v e r y  h i g h l y  s i g n i f i c a n t  
(p  <0 .001)  soil  a n d  lime main e f f e c t s  a n d  soil  x  l ime i n t e r a c t i o n s  t h r o u g h ­
ou t  t h e  e x p e r i m e n t .  H o w e v e r ,  f o r  h e r b a g e  Cu  t h i s  w as  o n ly  t h e  case  
a t  t h e  f i n a l  h a r v e s t .  V e r y  h i g h l y  s i g n i f i c a n t  ( p  <0 .001)  s o i l , a n d  soil 
x  lime e f f e c t s  w e r e  a l so  f o u n d  f o r  h e r b a g e  C u  in  P a r t  B a t  t h e  s e c o n d  
h a r v e s t  b u t  t h e  lime e f f e c t  w as  o n l y  h i g h l y  s i g n i f i c a n t  ( p  < 0 .0 1 ) ,  a n d  
a t  t h e  f i r s t  h a r v e s t  o n ly  soi l h a d  a n  e f f e c t  -  v e r y  h i g h l y  s ig n i f i c a n t  
(p  < 0 . 0 0 1 ) .
75.
(a) Soil a n a ly s is  
pH  -  Part  A
T h e r e  w a s  l i t t l e  v a r i a t i o n  in  t h e  soil  pH of  e a c h  t r e a t m e n t  a t  
t h e  f o u r  s a m p l i n g  d a t e s  ( t h e  s t a r t  o f  t h e  e x p e r i m e n t  a n d  e a c h  of t h e  
t h r e e  h a r v e s t s ) , so  m ean  v a l u e s  f o r  t h e  f o u r  soil  s a m p l e s  a r e  p r e s e n t e d  
in  T a b le  3 .3  ( i n d i v i d u a l  m e a n s  a r e  g i v e n  in  T a b l e  A 3 . 1 ) .
T a b le  3 .3 :  Soil p H s  f o r  so i l s  1 to  9 to  w h ic h  tw o  lime a d d i t i o n s  w e re
m ade  a n d  s a m p l e s  t a k e n  o n  f o u r  o c c a i s o n s  -  d a y s  0, 35,




1 4 .1 5 .0 7 .3
2 3 .7 5 .1 7 .4
3 4 . 9 5 .1 7 .2
4 3 .4 4 .7 7 .4
5 3 .9 4 .9 7 .3
6 3 .3 4 .7 7 .3
7 3 .6 4 .9 7 .4
8 3 .5 4 .9 7 .6
9 4 .4 4 .7 7 .1
s . e . = 0 .0 1  
1L 0 ,  L 2 ,  L4:  lime l e v e l s  0, 2, 4
T h e  r a n g e  o f  n a t u r a l  soi l p H s  ( u n l i m e d ,  i . e .  l ime l e v e l  0) w as  3 . 3 - 4 . 9 ;  
t h e  two h i g h e s t  v a l u e s  w e r e  f o u n d  in so i l s  3 a n d  9. T h e  f o r m e r  soil 
was  k n o w n  to  h a v e  b e e n  i m p r o v e d  a n d  i t  i s  t h o u g h t  t h a t  lime may h a v e  
b e e n  s p r e a d  a t  some t ime a t  t h e  l a t t e r  s i t e ,  t h e r e f o r e  o n l y  small lime 
a d d i t i o n s  w e r e  n e e d e d  a t  l ime l e v e l  2 ( a n d  t h e  r e s u l t i n g  soil pH was 
c lose to  t h a t  a t  lime l ev e l  0 ( 4 . 9  a n d  5 .1  f o r  soil  3, a n d  4 .4  a n d  4 .7  
fo r  soil 9 ) .
76.
pH - Part  B
C h a n g e s  in soil  pH w i th  lime w e r e  a g a i n ,  g e n e r a l l y ,  small ( s e e  
F i g u r e  3 . 2 ) ,  a l t h o u g h  f o r  a  few t r e a t m e n t s  lime d id  h a v e  a small e f f e c t  
( t h i s  was a l s o  f o u n d  in  P a r t  A ) ,  e . g .  soi l 2 lime l e v e l  2. Ful l  r e s u l t s  
a r e  p r e s e n t e d  in  T a b l e  A 3 .  2.
T h e  a m o u n t  o f  l ime to  a d d  to  a  soi l a t  e a c h  lime l e v e l  h a d  b e e n  
c a l c u l a t e d  f ro m  a p r e l i m i n a r y  lime r e q u i r e m e n t  t r i a l ,  a n d  w h e r e a s  fo r  
lime l e v e l s  1 a n d  2 t h e  a c t u a l  soi l p H s  w e r e  r e a s o n a b l y  c lose  to  t h e  
i n t e n d e d  p H s  t h i s  w a s  n o t  so  f o r  l ime l e v e l s  3 a n d ,  p a r t i c u l a r l y ,  4 ( s e e  
Tab le  3 . 4 ) .
T a b le  3 .4 :  C o m p a r i s o n  of  pH a c h i e v e d  a n d  pH i n t e n d e d  fo r  t h e  f o u r
lime a d d i t i o n s  u s e d  in  E x p e r i m e n t  1.
Lime l e v e l I n t e n d e d
pH
A c h i e v e d 1 (±  s . e . )
1 4 .25 4 .10  ± 0 .0 0 6
2 5.00 4 .8 7  ± 0 .0 0 4
3 5.75 5 .97 ± 0 .0 0 6
4 6.50 7 .3 1  ± 0 .0 0 4
G r a n d  mean f o r  e a c h  lime le v e l .
A p o s s i b l e  r e a s o n  w h y  al l t h e  so i l s  w e r e  c o n s i d e r a b l y  o v e r l im ed  
a t  lime l e v e l  4 i s  t h a t  a t  s u c h  h i g h  p H s  t h e  b u f f e r i n g  c a p a c i t y  of  a 
soil i s  m u c h  r e d u c e d ,  so v e r y  smal l i n c r e m e n t s  in  lime a d d i t i o n  will 
h a v e  a l a r g e  e f f e c t  o n  p H ,  w h e r e a s  a t  l o w e r  p H s ,  w h e r e  t h e  soil  is  b e t t e r  
b u f f e r e d ,  s im i la r  s i z e d  i n c r e m e n t s  will h a v e  a  m u c h  s m a l l e r  i n f lu e n c e  on 
soil p H .  T h e  a m o u n t s  of  l ime to  a d d  to  soi l s  in  s u b s e q u e n t  e x p e r i m e n t s  
w ere  c a l c u l a t e d  f rom  lime r e q u i r e m e n t  c u r v e s  d e r i v e d  f rom  t h e  r e s u l t s  
of t h i s  e x p e r i m e n t .
77.
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F i g u r e  3 . 2 :  pFI o f  soi ls  2, 4 a n d  8 in  w h ic h  PRG w as  g r o w n  a t  f ive
lime l e v e l s .
78.
Extractable c o p p e r  -  Part  A
T h e r e  w e r e  l a r g e  d i f f e r e n c e s  b e t w e e n  soi ls  in  e x t r a c t a b l e  Cu 
c o n c e n t r a t i o n s  w h ic h  r e f l e c t e d  t h e  in i t i a l  soil Cu  c o n t e n t  (cf. Tab le
3 . 2 ) ,  a n d  t h e s e  d i f f e r e n c e s  w e r e  l a r g e r  t h a n  t h é  w i t h i n - s o i l  d i f f e r e n c e s  
due  to lime a d d i t i o n  ( F i g u r e  3 .3  a n d  T a b l e  A 3 . 3 ) .  T h e  e f f e c t  of l im ing  
on soil C u  c o n t e n t  w a s  n o t  c o n s i s t e n t  b u t  most  so i l s  s h o w e d  a small 
d e c r e a s e  in  C u  c o n c e n t r a t i o n  b e t w e e n  lime l e v e l s  0 a n d  2 ( i . e .  pH - 3 . 5  
to pH - 5 . 0 )  , f o l lo w e d  b y  a n  i n c r e a s e  to  l e v e l  4,  t o  a  h i g h e r  c o n c e n t r a t i o n  
t h a n  t h a t  i n  t h e  u n l i m e d  so i l .
+ S o ! I  1 
x  So i I  2 
•> So i I 3  
i  S o i  1 4
0 So i  1 5
1 So i I  6 
v S o i  I 7 
□ S o i  1 8 
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F ig u re  3 . 3 :  E x t r a c t a b l e  Cu  ( m g  k g -1 a i r - d r y  so i l )  in  so i l s  1 to 9
to  w h i c h  lime h a d  b e e n  a d d e d  a n d  in  w h i c h  PRG was 
























a. Start- of experiment' - day 0 b. First- harvest- - day 35
8 . 6 .  x
3“
1 -
8 . 6 .  x
Soi I 2
Sol I 4
□  a----------------------------- b - -s Soil 8
0 i i i i i i i i I I i
3 4 5 6 7 8
Soil pH ah start of experiment
~i-----1--- 1----- 1---1-----1--- 1-----1--- r
3 4 5 6 7
SoiI pH at harvest
c. Second harvest- - day 60 d. Final harvest- - day 90
l I I l
Soi I pH at harvest
3 4 5 6 7
Soi I pH at harvest
F i g u r e  3 . 4 :  E x t r a c t a b l e  C u  ( m g  k g -1 a i r - d r y  soi l )  in soi ls  2, 4 a n d
8 to  w h ic h  lime h a d  b e e n  a d d e d  a n d  in w h ic h  PRG was 
g r o w n .
80.
Extractab le  c o p p e r  -  Part  B
D i f f e r e n c e s  b e t w e e n  soi l  w e r e  a g a i n  b i g g e r  t h a n  w i t h i n - s o i l  d i f ­
f e r e n c e s  d u e  to  l im in g .  C h a n g e s  in  C u  c o n t e n t  w i th  t ime w e r e  l a r g e s t  
in soil  2,  t h e  soi l  w i th  t h e  h i g h e s t  e x t r a c t a b l e  C u  c o n t e n t  ( F i g u r e  
3 .4 )  ( 4 - 5  mg k g -1 DM ).  T h e  c h a n g e s  took  t h e  p a t t e r n  o f  an  i n c r e a s e  
b e t w e e n  t h e  s t a r t  o f  t h e  e x p e r i m e n t  a n d  t h e  f i r s t  h a r v e s t ,  fol lowed 
b y  a  s m a l le r  ( n o t  a l w a y s  s i g n i f i c a n t )  i n c r e a s e  b e t w e e n  t h e  f i r s t  a n d  
s e c o n d  h a r v e s t s  a n d  a l a r g e  d e c r e a s e  a t  t h e  t h i r d  h a r v e s t  -  t h e  m a g n i ­
t u d e  o f  t h e  c h a n g e s  v a r i e d  w i t h  lime l e v e l .
T h e  same b a s i c  p a t t e r n  w a s  fo l lowed  in soil  4 b u t  t h e  m a g n i t u d e  
of t h e  c h a n g e s  w a s  s m a l l e r  a n d  al l  t h e  i n c r e a s e s ,  a p a r t  f rom t h e  c h a n g e  
a t  lime l e v e l  4 ,  b e t w e e n  t h e  s t a r t  o f  t h e  e x p e r i m e n t  a n d  t h e  f i r s t  h a r v e s t  
w e r e  n o t  s i g n i f i c a n t .  F o r  soi l  8,  t h e  soi l w i th  t h e  l o w e s t  e x t r a c t a b l e  
Cu  c o n t e n t ,  all  c h a n g e s  w e r e  n o t  s i g n i f i c a n t  a p a r t  f ro m  t h a t  a t  lime 
l eve l  1 b e t w e e n  t h e  s e c o n d  a n d  t h i r d  h a r v e s t s ;  a l t h o u g h  t h e  t r e n d  d id  
seem to  b e  a d e c r e a s e  in  soi l  C u  w i th  t ime ( F i g u r e  3 .4  a n d  T ab le  A 3 . 4 ) .
Extractab le  m olybdenum  -  Pa rt  A
T h e r e  w e r e  l a r g e  d i f f e r e n c e s  in  e x t r a c t a b l e  soil  Mo b o t h  b e t w e e n  
soi ls  a n d  w i t h i n  so i l s  b e t w e e n  l ime l e v e l s .  All s o i l s ,  e x c e p t  f o r  soi l 4, 
s h o w e d  o v e r a l l  i n c r e a s e d  Mo c o n t e n t s  w i th  lime a d d i t i o n  (LO cf. L4) 
a t  t h e  o u t s e t  o f  t h e  e x p e r i m e n t  ( F i g u r e  3 .5 a  a n d  T a b l e  A 3 . 5 ) .  A t  t h e  
f ina l  h a r v e s t  ( F i g u r e  3 . 5 b )  so i l s  1, 2, 5, 6, 7 a n d  8 s t i l l  s h o w e d  
i n c r e a s e d  o v e r a l l  Mo c o n t e n t  w h i l s t  f o r  soi ls  3 a n d  9 ( t h e  tw o  r e q u i r i n g  
t h e  l e a s t  l ime a m e l i o r a t i o n )  lime h a d  c e a s e d  to  h a v e  a n  e f f e c t ;  a n d  
f o r  soil  4 t h e  a d d i t i o n  o f  lime a p p a r e n t l y  c a u s e d  d e c r e a s e d  soil Mo c o n ­
t e n t s .  H o w e v e r ,  all  t r e a t m e n t s  in  al l soi ls  ( e x c e p t  soi l  8 L0 a n d  L2) 
c o n t a i n e d  m ore  Mo t h a n  a t  t h e  s t a r t  o f  t h e  e x p e r i m e n t ,  a l t h o u g h  t h i s  
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F i g u r e  3 . 5 :  E x t r a c t a b l e  Mo ( m g  k g -1 a i r - d r y  soi l )  in  so i l s  1 to  9
to  w h i c h  lime h a d  b e e n  a d d e d  a n d  in  w h i c h  PRG was 
g r o w n  f o r  90 d a y s .
F o r  so i l s  2 , 5 , 6  a n d  8 t h e  r e l a t i v e  c o n t e n t s  o f  soi l  Mo a t  t h e  
f ina l  h a r v e s t  f o r  t h e  d i f f e r e n t  l ime l e v e l s  w e r e  g r e a t e r  t h a n  t h o s e  
a t  t h e  s t a r t  o f  t h e  e x p e r i m e n t ,  e s p e c i a l l y  a t  l ime l e v e l  4 ,  i . e .  t h e  
m a g n i t u d e  of  t h e  e f f e c t  o f  l im in g  h a d  i n c r e a s e d .  F o r  so i l s  1, 3, 7 a n d  
9 t h e  m a g n i t u d e  o f  t h e  e f f e c t  o f  l im ing  h a d  d e c r e a s e d .
Extractable  m olybdenum  -  Pa rt  B
T h e  t h r e e  s p e c i a l  so i l s  e x h i b i t e d  t h e  r a n g e  o f  r e s p o n s e s  of  soi l 
Mo to l iming f o u n d  in  P a r t  A ( F i g u r e  3 .6  a n d  T a b l e  A 3 . 6 ) .
Soil 2 s h o w e d  i n c r e a s e d  Mo c o n t e n t  w i th  t h e  a d d i t i o n  of l ime,  
p a r t i c u l a r l y  a t  l ime l e v e l  4 ( i t  g a v e  t h e  b i g g e s t  r e s p o n s e  of  t h e  n i n e  
s o i l s ) . T h e r e  w e r e  n o  e f f e c t s  of  t ime on t h e  Mo c o n t e n t  a t  lime l e v e l s  







































a. Start oP experiment - day 0 b. First harvest - day 35
Soi I
Soil pH ah short- of experiment- SoiI pH ah harvesh
c. Second harvest - day 60 
e. e. j
d. Final harvest - day SO
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F i g u r e  3 .6 :  E x t r a c t a b l e  Mo ( m g  k g -1 a i r - d r y  soi l )  in soi ls  2, 4 a n d
8 to  w h i c h  lime h a d  b e e n  a d d e d  a n d  in w h ic h  PRG was 
g r o w n .
83.
h a r v e s t  f o r  l ime l e v e l  3 a n d  a n  i n c r e a s e  a t  t h e  f i n a l  h a r v e s t  fo r  lime 
leve l  2; l ime l e v e l  4 h a d  r e a c h e d  i t s  maximum Mo c o n t e n t  ( a p p r o x i m a t e l y  
f o u r  t im es  t h e  c o n t e n t  o f  t h e  u n l i m e d  soi l )  b y  t h e  f i r s t  h a r v e s t .  T h i s  
s u g g e s t s  t h a t  a l t h o u g h  t ime d o e s  a p p a r e n t l y  h a v e  a n  e f f e c t  on  soil  Mo 
c o n t e n t  ( s e e  P a r t  A ) ,  i t  d o e s  n o t  a f f e c t  soi l 2.
Soil 4 s h o w e d  n o  s i g n i f i c a n t  e f f e c t  o f  lime a d d i t i o n  on o v e r a l l  
(LO cf. L4)  soi l  Mo c o n t e n t s ,  e x c e p t  f o r  a  small  d e c r e a s e  a t  t h e  s e c o n d  
h a r v e s t ,  i n  s p i t e  o f  a p p a r e n t l y  s i g n i f i c a n t  d i f f e r e n c e s  in  soil Mo c o n t e n t s  
b e t w e e n  lime l e v e l s  on  tw o  o c c a s i o n s  ( F i g u r e  3 . 6 ) .  A l t h o u g h  t h e r e  
w as  a p p a r e n t l y  a  t r e n d  f o r  e x t r a c t a b l e  soil  Mo to  i n c r e a s e  wi th  t ime 
it  w a s  n o t  s i g n i f i c a n t .
Soil 8 ,  l ik e  soil  4 ,  s h o w e d  n o  s i g n i f i c a n t  e f f e c t  o f  lime on Mo 
a t  t h e  s t a r t  o f  t h e  e x p e r i m e n t .  A t  e a c h  of  t h e  h a r v e s t s  t h e r e  was 
a  s i g n i f i c a n t  o v e r a l l  i n c r e a s e  in  e x t r a c t a b l e  soi l Mo c o n t e n t  (LO cf. L 4 ) ,  
a l t h o u g h  i t  w as  a  lot  s m a l l e r  t h a n  t h e  i n c r e a s e  o b s e r v e d  in  soil 2, 
a n d  al l t h e  i n c r e a s e  g e n e r a l l y  o c c u r r e d  b e t w e e n  l e v e l s  3 a n d  4. T h e  
l e v e l s  o f  soi l  Mo c h a n g e d  w i t h  t ime  o n l y  a t  lime l e v e l  4 w h e r e  t h e y  
i n c r e a s e d  b e t w e e n  t h e  s t a r t  o f  t h e  e x p e r i m e n t  a n d  t h e  f i r s t  h a r v e s t ,  
a n d  t h e  s e c o n d  a n d  t h i r d  h a r v e s t s  a n d  d e c r e a s e d  b e t w e e n  t h e  f i r s t  
a n d  s e c o n d  h a r v e s t s .
A l t h o u g h  from P a r t  A i t  a p p e a r e d  t h a t  soi l e x t r a c t a b l e  Mo i n ­
c r e a s e d  w i th  t i m e ,  f rom  P a r t  B i t  c a n  b e  s e e n  t h a t  t h i s  e f f e c t  was 
v e r y  v a r i a b l e  b o t h  w i th  soi l  a n d  lime l e v e l ,  s e e m i n g  to  o c c u r  most  
f r e q u e n t l y  a t  l ime l e v e l  4.
84.
Extroctab le  su lphate  -  Part A
T h e  a p p l i c a t i o n  of  lime c a u s e d  a n  in i t i a l  o v e r a l l  (LO cf. L4) i n -
3 . 7 a ) .  O n l y  so i l s  1 a n d  2 h a d  a s i g n i f i c a n t  i n c r e a s e  of  SOi*2~-S c o n t e n t s  
b e t w e e n  l ime l e v e l s  0 a n d  2; soil  5 s h o w e d  a n  in i t i a l  d e c r e a s e  a n d  
t h e  c o n t e n t  in  all  o t h e r  so i l s  w a s  n o t  a f f e c t e d  b y  t h e  f i r s t  lime a d d i t i o n .
F i g u r e  3 . 7 :  E x t r a c t a b l e  S 0 42_- S  ( m g  k g -1 a i r - d r y  soi l )  in soi ls 1
to  9 to  w h ic h  lime h a d  b e e n  a d d e d  a n d  in  w hic h  PRG 
w as  g r o w n  fo r  90 d a y s .
At  t h e  f in a l  h a r v e s t  a l l  s o i l s ,  a p a r t  f rom so i l s  3 a n d  7, s h o w e d  
a n  o v e r a l l  i n c r e a s e  in  S 0 42_S c o n t e n t s  w i th  lime a d d i t i o n  a n d  f o r  t h e s e  
s e v e n  s o i l s ,  a p a r t  f rom soil  6, al l t h e  c h a n g e  o c c u r r e d  b e t w e e n  lime 
l e v e l s  2 a n d  4. (Soi l  6 e x h i b i t e d  a d e c r e a s e  in  S O ^ - S  c o n t e n t  b e t w e e n  
LO a n d  L2 fo l lowed  b y  a n  i n c r e a s e  f rom L2 to  L 4 . )  ( F i g u r e  3 . 7 b )
c r e a s e  in  soil  e x t r a c t a b l e  SOi*2 -S in  al l s o i l s ,  e x c e p t  soi l 7 ( F i g u r e
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85.
T h e r e  w as  n o  d i f f e r e n c e  in soi l  SOi,2_- S  c o n t e n t  b e t w e e n  t h e  
two s a m p l i n g  d a t e s  in  t h e  u n l i m e d  t r e a t m e n t s  f o r  soi l s  2, 3, 4, 5 a n d  
6 a n d  a l so  soi l  1 a t  l ime l e v e l  4 .  T h e  o t h e r  f o u r  u n l i m e d  soi ls  ( 1 ,  7 
8, 9) e x h i b i t e d  d e c r e a s e d  S 0 42~ -S  c o n t e n t s  a s  d id  all  so i l s  a t  lime l ev e l  
2, e x c e p t  soi l 5 w h i c h  s h o w e d  a n  i n c r e a s e ;  soi l s  3, 4 ,  7 a n d  9 a l so  
s h o w e d  a d e c r e a s e  a t  l ime l e v e l  4 .  H o w e v e r ,  t h e  l a r g e s t  d i f f e r e n c e s  
t h a t  w e r e  o b s e r v e d  w e r e  t h e  i n c r e a s e d  SOi*2_- S  c o n t e n t s  in soi ls  2, 5,
6 a n d  8 a t  l ime l e v e l  4 ( T a b l e  A 3 .  7 ) .
Extractab le  su lpha te  -  Part  B
F o r  soi l 2 t h e  a d d i t i o n  o f  l ime l e d  to  a n  o v e r a l l  (LO cf. L4) i n ­
c r e a s e  in  soi l e x t r a c t a b l e  SOi+2_- S .  T h e  f i r s t  i n c r e m e n t  of  lime (LO 
to  L I )  l e d  to  n o  s i g n i f i c a n t  c h a n g e  in  lime l ev e l  b e t w e e n  t h e  s t a r t  
of  t h e  e x p e r i m e n t  a n d  t h e  f i r s t  h a r v e s t ,  a n d  to  d e c r e a s e s  b e t w e e n  
t h e  f i r s t  a n d  s e c o n d ,  a n d  s e c o n d  a n d  t h i r d  h a r v e s t s ;  al l o t h e r  i n c r e ­
m e n t s  c a u s e d  i n c r e a s e d  soil  S 0 42_- S  c o n t e n t ,  t h e  s i ze  o f  t h e  i n c r e a s e  
i t s e l f  i n c r e a s i n g  a s  m ore  lime w a s  a p p l i e d  ( F i g u r e  3 . 8 ) .
Soil 4 a l s o  e x h i b i t e d  i n c r e a s e d  o v e r a l l  S 0 42" - S  c o n t e n t s  a s  t h e  
am o u n t  o f  l ime a p p l i e d  i n c r e a s e d ,  a n d  a g a i n  t h e  m a g n i t u d e  of  t h e  i n ­
c r e a s e  i t s e l f  i n c r e a s e d  a t  t h e  h i g h e s t  lime leve ls .
Soil 8 a l s o  s h o w e d  i n c r e a s e d  o v e r a l  SOtt2_- S  c o n t e n t s  a s  t h e  
a m o u n t  o f  l ime a p p l i e d  i n c r e a s e d ,  a n d  a g a i n  t h e  m a g n i t u d e  of t h e  i n c r e a s e  
was l a r g e r  a t  t h e  h i g h e s t  l ime l e v e l s .  F o r  t h e  l a s t  tw o  h a r v e s t s  a 
s i g n i f i c a n t  i n c r e a s e  w as  o b s e r v e d  o n l y  b e t w e e n  lime l e v e l s  3 a n d  4 
w h i l s t  f o r  t h e  f i r s t  h a r v e s t  s m a l l e r  b u t  s t i l l  s i g n i f i c a n t  i n c r e a s e s  o c c u r r e d  
b e t w e e n  l e v e l s  1 a n d  2, a n d  2 a n d  3, a n d  in i t i a l l y  t h e r e  was  a  d e c r e a s e  














a. S 1 ar i oP experiment - day 0 b. First harvest- - day 35
LOI
F i g u r e  3 .8 :  E x t r a c t a b l e  S ( \ 2~-  ( m g  k g -1 a i r - d r y  soi l )  in soils  2, 4
a n d  8 to  w h ic h  lime h a d  b e e n  a d d e d  a n d  in which  PRG 
w a s  g r o w n .
87.
T h e  c h a n g e  in  e x t r a c t a b l e  soil  S O tt2_- S  b e t w e e n  h a r v e s t s  was 
i n c o n s i s t e n t ,  a n d  all i n c r e a s e s  h a d  o c c u r r e d  b y  t h e  f i r s t  h a r v e s t  (L4 
in  all t h r e e  s o i l s ,  a n d  L3 in  soi l  8) ( T a b l e  A 3 . 8 ) .
[b ) H erbage  a n a ly s i s
D r y  matter p roduct ion  - P a rt  A
T h e r e  w e r e  l a r g e  v a r i a t i o n s  in  DM p r o d u c t i o n  b o t h  b e t w e e n  t h e  
n i n e  so i ls  a n d  w i t h i n  a soi l  a t  t h e  d i f f e r e n t  lime l e v e l s  ( F i g u r e  3 . 9 ) .
T h e  r a n g e  o f  DM p r o d u c t i o n  t h r o u g h o u t  t h e  e x p e r i m e n t  w as  0 . 0 4 -  2 .0 3  g 
PRG h e r b a g e  p o t - 1 . T h e  l o w e s t  p r o d u c t i o n  a t  all h a r v e s t s  o c c u r r e d  in 
soi l 8 a t  l ime l e v e l  4,  w h e r e  t h e  t r e a t m e n t  h a d  b e e n  c o n s i d e r a b l y  o v e r ­
l im ed ,  a n d  t h e  h i g h e s t  in  soi l  7 ( l ime l e v e l  2 f o r  t h e  f i r s t  h a r v e s t  a n d  
lime l ev e l  4 f o r  t h e  s e c o n d  a n d  t h i r d  h a r v e s t s )  ( T a b l e  A 3 .  9 ) .
T h e  o v e r a l l  t r e n d  t h r o u g h o u t  t h e  e x p e r i m e n t  w as  f o r  t h e  a m o u n t  
o f  p r o d u c t i o n  to  i n c r e a s e  a s  l ime w a s  a p p l i e d  a n d  g r o w i n g  c o n d i t i o n s  
i m p r o v e d  a l t h o u g h  t h i s  v a r i e d  w i t h  so i l ,  a n d  was  l e s s  m a r k e d  f o r  t h e  
f i r s t  h a r v e s t  a t  l ime l e v e l  4 ,  b e c a u s e  o f  t h e  o v e r l i m i n g  a n d  c o n s e q u e n t  
p o o r  g r o w t h ,  b u t  b y  t h e  s e c o n d  h a r v e s t  t h e  a d v e r s e  e f f e c t s  of  t h e  
lime h a d  b e e n  o v e r c o m e  in  al l  s o i l s ,  e x c e p t  soi l  8.  T h u s ,  a p a r t  f rom 
soil  8,  all so i l s  h a d  i n c r e a s e d  p r o d u c t i o n  t h r o u g h o u t  t h e  e x p e r i m e n t  
( f i r s t  to t h i r d  h a r v e s t s )  a t  l ime l e v e l  4; a l t h o u g h  in  o n l y  two  soi ls  
(2  a n d  7) d i d  a n  i n c r e a s e  in p r o d u c t i o n  a l s o  o c c u r  b e t w e e n  t h e  s e c o n d  
a n d  t h i r d  h a r v e s t s ,  so i l s  3, 4 a n d  6 h a d  d e c r e a s e d  p r o d u c t i o n  d u r i n g  
t h i s  p e r i o d  a n d  al l  o t h e r  so i l s  ( 1 ,  5,  8 a n d  9) h a d  u n a l t e r e d  p r o d u c t i o n  
( F i g u r e  3 . 9 ) .
T h e  u n l i m e d  t r e a t m e n t s  ( l ime l e v e l  0) g e n e r a l l y  h a d  h i g h e r  p r o d u c ­
t ion  a t  t h e  s e c o n d  h a r v e s t  c o m p a r e d  to  t h e  f i r s t  ( F i g u r e  3 .9 )  ( t h i s  
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w hic h  s h o w e d  a d e c r e a s e ) .  B u t  a t  t h e  t h i r d  h a r v e s t  t h i s  t r e n d  was 
r e v e r s e d  fo r  so i l s  6 ,  8 a n d  9, l e a d i n g  to  d e c r e a s e d  o v e r a l l  p r o d u c t i o n  
( t h e  f i r s t  h a r v e s t  c o m p a r e d  to  t h e  l a s t  h a r v e s t ) .  D e c r e a s e d  o v e r a l l  
p r o d u c t i o n  was a l s o  f o u n d  in t h e  u n l i m e d  so i l s  3 a n d  7, a l so  d u e  to  
a  d r o p  in p r o d u c t i o n  b e t w e e n  t h e  s e c o n d  a n d  t h i r d  h a r v e s t s .  T h e  
o t h e r  un l im ed  so i l s  ( 1 ,  2, 4 a n d  5) all  e x h i b i t e d  i n c r e a s e d  o v e r a l l  p r o d u c ­
t i o n ,  wi th  i n c r e a s e d  p r o d u c t i o n  b e t w e e n  t h e  s e c o n d  a n d  t h i r d  h a r v e s t s  
a p a r t  f rom soil  1.
90.
T h e  c h a n g e s  in  DM p r o d u c t i o n  w i th  t ime a t  lime l ev e l  2, w e re  
l e s s  c o n s i s t e n t  t h a n  t h o s e  a t  t h e  o t h e r  tw o  lime l e v e l s .  Most soi ls s h o w e d  
i n c r e a s e d  p r o d u c t i o n  b e t w e e n  t h e  f i r s t  a n d  s e c o n d  h a r v e s t ,  a l t h o u g h  
soi ls  3 a n d  4 s h o w e d  n o  s i g n i f i c a n t  c h a n g e  a n d  soil  6 a  d e c r e a s e .  ■ 
B e t w e e n  t h e  s e c o n d  a n d  t h i r d  h a r v e s t s  all  so i l s  h a d  d e c r e a s e d  p r o d u c t i o n  
e x c e p t  f o r  soi l  2 -  a n  i n c r e a s e  a n d  so i l s  1 a n d  4 -  n o  c h a n g e .  T h u s ,  
o v e r a l l ,  f o u r  so i l s  ( n u m b e r s  3 , 6 , 7  a n d  8) h a d  d e c r e a s e d  p r o d u c t i o n ,  
t h r e e  ( n u m b e r s  1, 2 a n d  5) i n c r e a s e d  p r o d u c t i o n  a n d  tw o  ( n u m b e r s  4 a n d  
9) no  c h a n g e  in  p r o d u c t i o n .
D r y  matter p roduct ion  -  Part  B
T h e  p r o d u c t i o n  f ro m t h e  t h r e e  so i l s  fo l lowed  t h e  same p a t t e r n  
wi th  r e g a r d  to  t h e  e f f e c t  o f  l ime a d d i t i o n  a n d  c h a n g e s  w i th  t ime ( F i g u r e  
3 .10 a n d  T a b l e  A 3 . 1 0 )  a s  h a d  b e e n  f o u n d  in P a r t  A .  A s  t h e  a m o u n t  
of  lime p r e s e n t  i n c r e a s e d ,  u n l i m e d  t o  l ime l e v e l  3 -  l ime l eve l  4 was 
o v e r l i m e d ,  so p r o d u c t i o n  i n c r e a s e d  a t  e a c h  h a r v e s t .  T h e  p r o d u c t i o n  
a t  t h e  a d d i t i o n a l  l ime l e v e l s  1 a n d  3 l a y  r e s p e c t i v e l y  be low  a n d  a b o v e  
t h a t  a t  lime l e v e l  2. F o r  so i l s  2 a n d  4 p r o d u c t i o n  a t  lime l eve l  4 r o s e  
a b o v e  t h a t  o f  t h e  o t h e r  lime l e v e l s  b y  t h e  f i n a l  h a r v e s t ,  b u t  t h e  p l a n t s  
in  soil 8 a t  l ime l e v e l  4 s u f f e r e d  f ro m  o v e r l i m i n g  t h r o u g h o u t  t h e  e x p e r i ­
m en t  .
T h e  p a t t e r n  o f  c h a n g e  in  p r o d u c t i o n  w i th  t ime v a r i e d  in t h e  t h r e e  
soi ls ( s e e  F i g u r e  3 . 1 0 ) .
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c. So i Time in days
F i g u r e  3 . 1 0 :  H e r b a g e  DM
p r o d u c t i o n  ( g p o t - 1 ) 
o f  PRG g r o w n  in soils 2, 4 a n d  8 
to  w h ic h  lime h a d  b e e n  a d d e d  a t  








Copper -  Pa rt  A
T h e r e  w e r e  l a r g e  soi l  d i f f e r e n c e s  in  h e r b a g e  C u  c o n c e n t r a t i o n  
which  w e r e  p a r t i c u l a r l y  p r o n o u n c e d  a t  t h e  f i r s t  h a r v e s t  ( F i g u r e  3 .11  
a n d  T a b le  A 3 . 1 1 ) .  PRG g r o w n  in  soi l  8 c o n t a i n e d  t h e  l e a s t  Cu at  all 
lime l ev e l s  f o r  all t h r e e  h a r v e s t s  ( r a n g e  0 . 5 -  3 .4  mg Cu  k g -1 DM) a n d  
t h a t  g r o w n  in soi ls  1 o r  2 t h e  m o s t .  PRG g r o w n  in  soil  1 h a d  th e  h i g h e s t  














F i g u r e  3 .1 1 :  H e r b a g e  Cu  c o n ­
c e n t r a t i o n  ( m g  k g -1 
DM) of  PRG g r o w n  in soi ls  1 to  9 
to  w h ic h  lime h a d  b e e n  a d d e d .
7 . 3 -  12.7 mg Cu  k g -1 DM) a n d  t h a t  g r o w n  in soil  2 t h e  h i g h e s t  fo r  
lime l ev e l  4 a t  all t h r e e  h a r v e s t  a n d  lime l e v e l s  0 a n d  2 a t  h a r v e s t  3 
( r a n g e  8 . 0 -  11 .1  m g  C u  k g -1 D M ) .  T h e  r a n g e  o f  h e r b a g e  Cu  c o n c e n t r a ­
t i o n s  c o n s i d e r i n g  all  so i l s  a t  all  l ime l e v e l s  a t  t h e  t h r e e  h a r v e s t s  v a r i e d  
2 6 - fo ld .
T h e  e f f e c t  o f  l ime on h e r b a g e  C u  c o n c e n t r a t i o n  v a r i e d  o v e r  t h e  
c o u r s e  o f  t h e  e x p e r i m e n t .  A t  t h e  f i r s t  h a r v e s t  t h e  e f f e c t  o f  lime a p p l i c a ­
t io n  was small  a n d  i n c o n s i s t e n t  ( s e e  F i g u r e  3 . 1 1 a ) .  A t  t h e  s e c o n d  
h a r v e s t  h e r b a g e  g r o w i n g  in  a ll  so i l s  e x h i b i t e d  d e c r e a s e d  o v e r a l l  Cu  
c o n t e n t ,  e x c e p t  f o r  h e r b a g e  in  so i l s  2 a n d  7 f o r  w h i c h  t h e r e  was no  
d i f f e r e n c e  in  C u  c o n t e n t  b e t w e e n  l ime l e v e l s  0 a n d  4 ( f o r  soi l 2 t h i s  
m a s k e d  a  d e c r e a s e  fo l lowed  b y  a n  i n c r e a s e )  -  t h e  p a t t e r n  t h e  o v e r a l l  
d e c r e a s e  to o k  v a r i e d  w i th  soi l  ( s e e  F i g u r e  3 . 1 1 b ) .
A t  t h e  f ina l  h a r v e s t  ( F i g u r e  3 . 1 1 c ) ,  e x c e p t  f o r  soi l  9 w h e r e  no  
o v e r a l l  c h a n g e  w as  o b s e r v e d ,  l ime a p p l i c a t i o n  c o n s i s t e n t l y  d e c r e a s e d  
h e r b a g e  C u  c o n t e n t  a n d  t h e  s i ze  o f  t h e  d e c r e a s e  w a s  g r e a t e r  t h a n  a t  
t h e  p r e v i o u s  h a r v e s t s .  F o r  e x a m p l e ,  f o r  soi l 4 h e r b a g e  C u  c o n t e n t s  
w e r e  8 . 0 ,  6 . 6  a n d  3 .3  mg k g -1 DM a t  lime l e v e l s  0,  2 a n d  4 r e s p e c t i v e l y  
a t  t h e  t h i r d  h a r v e s t  c o m p a r e d  t o  7 . 5 ,  5 .0  a n d  3 .2  a t  t h e  s e c o n d  h a r v e s t .
T h e  r a n g e  o f  h e r b a g e  C u  c o n c e n t r a t i o n s  o b s e r v e d  t e n d e d  to  
n a r r o w  d u r i n g  t h e  c o u r s e  o f  t h e  e x p e r i m e n t  w i th  m o s t  v a l u e s  l y i n g  
in  t h e  r a n g e  2 - 1 1 ,  3 - 8  a n d  3 - 9  m g  C u  k g -1 DM a t  t h e  f i r s t ,  s e c o n d  
a n d  t h i r d  h a r v e s t s  r e s p e c t i v e l y .  F o r  t h e  d i f f e r e n t  l ime l e v e l s  t h e  Cu  
c o n c e n t r a t i o n  o f  PRG g r o w i n g  in  m o s t  soi ls  t e n d e d  to  sh o w  n o  s i g n i f i c a n t  
c h a n g e  o r  a n  i n c r e a s e  d u r i n g  t h e  c o u r s e  of  t h e  e x p e r i m e n t  in  b o t h  
t h e  u n l im e d  soi l a n d  a t  lime l e v e l  2, a n d  to  d e c r e a s e  a t  lime leve l  4,
94.
Copper  -  Pa rt  B
T h e  Cu  c o n t e n t s  of  PRG g r o w i n g  in e a c h  of  t h e  t h r e e  ' sp e c ia l '  
soi ls  w e r e  in  s e p a r a t e  r a n g e s  a n d ,  a s  f o r  e x t r a c t a b l e  soi l  C u ,  w e re  
in t h e  o r d e r  soi l  2 > soi l 4 > soi l 8 ( T a b l e  A 3 . 1 2 ) .
F o r  soi l 2 lime a d d i t i o n  h a d  n o  o v e r a l l  e f f e c t  (LO cf. L4) on h e r b a g e  
C u  c o n t e n t  a t  t h e  f i r s t  h a r v e s t ,  a l t h o u g h  t h e r e  w a s  a  s i g n i f i c a n t  i n c r e a s e  
b e t w e e n  l e v e l s  2 a n d  3 a f t e r  a n  a p p a r e n t  in i t i a l  d e c r e a s e .  L ikewise  a t  
t h e  s e c o n d  h a r v e s t  t h e r e  w as  n o  o v e r a l l  e f f e c t  o f  lime a d d i t i o n  on t h e  
Cu  c o n c e n t r a t i o n  in  PRG b u t  t h e r e  w a s  a d e c r e a s e  ( f r o m  leve l  0 to  1) 
fo l lowed b y  a n  i n c r e a s e  ( f ro m  l e v e l s  2 to  3,  a n d  3 to  4) b a c k  to  t h e  
in i t i a l  c o n c e n t r a t i o n .  A t  t h e  f in a l  h a r v e s t  t h e r e  w a s  a n  o v e r a l l  d e c r e a s e  
in PRG C u  c o n t e n t  b r o u g h t  a b o u t  b y  d e c r e a s e s  b e t w e e n  l e v e l s  0 a n d  1,
1 a n d  2 ( F i g u r e  3 . 1 2 ) .
F o r  h e r b a g e  g r o w i n g  in  soi l  4 t h e r e  w a s  n o  s i g n i f i c a n t  o v e ra l l  
d i f f e r e n c e  in  C u  c o n c e n t r a t i o n  w i t h  lime a d d i t i o n s  a t  t h e  f i r s t  h a r v e s t  
s in c e  t h e  a p p a r e n t  t e n d e n c y  f o r  c o n t e n t  to  i n c r e a s e  a t  low lime l e v e l s  
( n o n - s i g n i f i c a n t  b e t w e e n  a d j a c e n t  l ime l e v e l s )  w as  b a l a n c e d  b y  a d e c r e a s e  
b e t w e e n  l e v e l s  3 a n d  4.  A t  t h e  s e c o n d  h a r v e s t  h e r b a g e  C u  c o n c e n t r a t i o n  
d e c r e a s e d  o v e r a l l ,  a s  i t  a l so  d i d  a t  t h e  t h i r d  h a r v e s t  -  t o  a  g r e a t e r  
e x t e n t  t h a n  in  t h e  p r e v i o u s  h a r v e s t  w i th  s i g n i f i c a n t  d e c r e a s e s  o c c u r r i n g  
b e t w e e n  all lime l e v e l s  ( F i g u r e  3 . 1 2 ) .
T h e  C u  c o n c e n t r a t i o n  o f  h e r b a g e  g r o w i n g  in  soi l 8 was u n a f f e c t e d  
b y  lime a p p l i c a t i o n  a t  t h e  f i r s t  h a r v e s t  a n d  a t  t h e  s e c o n d  h a r v e s t  t h e r e  
was n o  n e t  e f f e c t ,  a l t h o u g h  some m in o r  f l u c t u a t i o n s  o c c u r r e d  ( F i g u r e  3 . 1 2 ) .  
A t  t h e  f ina l  h a r v e s t  t h e r e  w as  a n  o v e r a l l  d e c r e a s e  in  h e r b a g e  C u  c o n c e n t r a ­
t i o n ,  t h e  in i t i a l  i n c r e a s e  (LO to  L I )  b e i n g  fo l l ow ed  b y  a s t e a d y  d e c r e a s e  
b e t w e e n  all t h e  o t h e r  lime l e v e l s  ( F i g u r e  3 . 1 2 ) .
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>. F irsh harvest - day 35
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b. Second harvest- day - 60
Sol I 8
- day 90
3 - 1 5 6 7  
SoiI pH oh harvest
F i g u r e  3 .1 2 :  H e r b a g e  Cu
c o n c e n t r a t i o n  
( m g  k g -1 DM) of  PRG g r o w n  in 
soi ls  2 a n d  8 to  which lime h a d  
b e e n  a d d e d .
Soil pH ah harvesh
T h e  c h a n g e s  in  h e r b a g e  c o n c e n t r a t i o n  w i th  t ime w ere  similar 
to  th o se  e x h i b i t e d  in  P a r t  A -  a  n a r r o w i n g  of  t h e  r a n g e  o f  v a lu e s  f o u n d  
a n d  more p r o n o u n c e d  d e c r e a s e s ,  e s p e c i a l l y  a t  h i g h  lime l e v e l s ,  t o w a r d s  
t h e  e n d  of  t h e  e x p e r i m e n t .
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F o r  h e r b a g e  g r o w i n g  in  soi l 2 t h e r e  w as  n o  o v e r a l l  ( f i r s t  h a r v e s t  
c o m p a r e d  to  t h i r d )  c h a n g e  in Cu  c o n t e n t  a t  lime l e v e l s  0 a n d  1, com­
p r i s i n g  a  d e c r e a s e  b e t w e e n  t h e  f i r s t  a n d  s e c o n d  h a r v e s t s  a n d  an  i n c r e a s e  
b e t w e e n  t h e  s e c o n d  a n d  t h i r d .  A t  t h e  o t h e r  t h r e e  lime l e v e l s  h e r b a g e  
C u  c o n c e n t r a t i o n s  d e c r e a s e d  o v e r a l l  -  a  s t r a i g h t f o r w a r d  d e c r e a s e  a t  
l ev e l  4,  a d e c r e a s e  a n d  t h e n  n o  c h a n g e  a t  l ev e l  3 a n d  a  d e c r e a s e  fo l lowed  
b y  a  smal l i n c r e a s e  a t  l e v e l  2.
T h e  C u  c o n c e n t r a t i o n  o f  h e r b a g e  g r o w i n g  in  soi l  4 e x h i b i t e d  
a n  o v e r a l l  p r o g r e s s i v e  i n c r e a s e  a t  l ime l e v e l  0, n o  c h a n g e  a t  lime l e v e l  
1, a d e c r e a s e  a t  l ime l e v e l  2 ( a  d e c r e a s e  fo l l owed  b y  n o  c h a n g e )  a n d  
o v e r a l l  p r o g r e s s i v e  d e c r e a s e s  a t  l ime l e v e l s  3 a n d  4.  T h e r e f o r e ,  a l t h o u g h  
f o r  h e r b a g e  g r o w i n g  in  t h e  t h r e e  so i l s  c o n s i d e r e d  a s  a  s e t  t h e  r a n g e  of  
h e r b a g e  C u  v a l u e s  n a r r o w e d  w i th  t ime f o r  h e r b a g e  g r o w i n g  in  soil  4 
t h e  r a n g e  w i d e n e d .
T h e  C u  c o n c e n t r a t i o n s  o f  h e r b a g e  g r o w i n g  in  soi l  8 b e s i d e s  b e i n g  
t h e  l o w e s t  in  t h e  E x p e r i m e n t  ( P a r t s  A a n d  B )  w i th  m o s t  l y i n g  in  t h e  
r a n g e  2 - 3  m g  C u  k g -1 DM, a l s o  s h o w e d  t h e  l e a s t  c h a n g e  d u r i n g  t h e  
e x p e r i m e n t .  T h e r e  w e r e  n o  s i g n i f i c a n t  c h a n g e s  in  t h e  h e r b a g e  c o n c e n t r a ­
t i o n s  f o r  l ime l e v e l s  0 ,  2 a n d  3, w h i l s t  f o r  l e v e l  1 t h e r e  was a n  o v e r a l l  
p r o g r e s s i v e  i n c r e a s e  a n d  f o r  l e v e l  4 a n  o v e r a l l  d e c r e a s e  w h ic h  o c c u r r e d  
in  t h e  f ina l  g r o w t h  p e r i o d  b e t w e e n  t h e  s e c o n d  a n d  t h i r d  h a r v e s t s .
Molybdenum  -  Part  A
T h e  a d d i t i o n  o f  lime to  t h e  so i l s  g e n e r a l l y  l e d  to  a  l a r g e  i n c r e a s e  
in  h e r b a g e  Mo c o n c e n t r a t i o n  a n d  t h e  s ize  of  t h i s  i n c r e a s e  i t s e l f  i n c r e a s e d  
d u r i n g  t h e  c o u r s e  of  t h e  e x p e r i m e n t .  At  t h e  f i r s t  h a r v e s t  t h e  r a n g e  
of  Mo c o n t e n t s  f o r  h e r b a g e  g r o w i n g  in  t h e  u n l i m e d  soi ls  was  0 .18  to
1.3  mg Mo k g -1 DM c o m p a r e d  to  0 .7 1  to  4 .0  mg Mo k g -1 .DM a t  lime l eve l  4
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a n d  f o r  t h e  l a s t  h a r v e s t  t h e  r a n g e s  w e r e  0 . 9 2 - 2 . 8 *  a n d  2 . 0 - 8 . 0  mg 
Mo k g -1 DM r e s p e c t i v e l y  ( T a b l e  A 3 . 1 3 ) .
A t  t h e  f i r s t  h a r v e s t  t h e  a d d i t i o n  of  l ime l e d  to  i n c r e a s e d  o v e r a l l  
(L0 cf. L4)  h e r b a g e  Mo c o n t e n t  in  all s o i l s .  F o r  so i l s  1, 3 , 4  a n d  9 
t h e  i n c r e a s e  o c c u r r e d  o n ly  b e t w e e n  lime l e v e l s  2 a n d  4 a n d  fo r  soil  8 
o n ly  b e t w e e n  l e v e l s  0 a n d  2 b u t  f o r  t h e  r e m a i n i n g  f o u r  so i l s  ( 2 ,  5, 6 
a n d  7) t h e r e  w a s  a n  i n c r e a s e  w i th  b o t h  a d d i t i o n s  o f  l ime ( F i g u r e  3 . 1 3 a ) .
A t  t h e  s e c o n d  h a r v e s t  h e r b a g e  g r o w i n g  on  all so i l s  e x c e p t  so i l s  
4 a n d  8 s t i l l  e x h i b i t e d  an  o v e r a l l  i n c r e a s e  in  Mo c o n c e n t r a t i o n s  ( F i g u r e  
3 . 1 3 b ) .  F o r  so i l s  4 a n d  8 t h e r e  w a s  n o  s i g n i f i c a n t  o v e r a l l  c h a n g e  in  
c o n t e n t ,  b u t  b o t h  soi ls  s h o w e d  i n c r e a s e d  Mo c o n t e n t  w i th  t h e  f i r s t  
lime a d d i t i o n  a n d  t h e n  a d e c r e a s e  w i th  t h e  s e c o n d  lime a d d i t i o n  ( t h e  
d e c r e a s e  w as  n o n - s i g n i f i c a n t  f o r  soil  4 ) .
B y  t h e  t h i r d  h a r v e s t  o n l y  h e r b a g e  g r o w i n g  in  so i l s  1, 2, 5, 6,
8 a n d  9 s t i l l  h a d  h i g h e r  Mo c o n t e n t s  a f t e r  l im ing  (L0 cf. L4) ( F i g u r e  
3 . 1 3 c ) .  H e r b a g e  g r o w i n g  in  soi l  3 s h o w e d  a l a r g e  d e c r e a s e  w h ic h  o c c u r r e d  
b e t w e e n  lime l e v e l s  0 a n d  2 a n d  h e r b a g e  g r o w i n g  in  so i l s  4 a n d  7 h a d  n o  
s i g n i f i c a n t  o v e r a l l  c h a n g e  in  Mo c o n t e n t  d e s p i t e  smal l i n c r e a s e s  in  soil  4 
(L0 to  L 2 ) . F o r  t h e  s ix  so i l s  in  w h i c h  h e r b a g e  h a d  i n c r e a s e d  Mo c o n t e n t s  
o n ly  soil  2 p r o d u c e d  s i g n i f i c a n t  i n c r e a s e s  w i th  b o t h  lime a d d i t i o n s ,  
soi l 6 a n d  8 p r o d u c e d  s i g n i f i c a n t  i n c r e a s e s  b e t w e e n  l ime l e v e l s  0 a n d  2 
a n d  soi ls  1, 5 a n d  9 b e t w e e n  l e v e l s  2 a n d  4.
A l t h o u g h  t h e r e  was a  t e n d e n c y  f o r  some u n l i m e d  so i l s  ( 3 ,  4, 7 
a n d  9) to  p r o d u c e  h e r b a g e  w i th  s i g n i f i c a n t l y  i n c r e a s e d  Mo c o n t e n t  o v e r  
t h e  c o u r s e  of  t h e  e x p e r i m e n t  t h e  e f f e c t  w as  a  lo t  l a r g e r  w h e r e  lime 
h a d  b e e n  a p p l i e d .  A t  lime l ev e l  2 al l s o i l s ,  e x c e p t  f o r  soi l  5, p r o d u c e d


















o. First- harvest - day 35
8'
4 Soi 1 1
x So i 1 2
o Soi 3
a So i •1
o Soi 5
i So i 6
v So i ! 7
d So i 8
x So i 9
b. Second harvest - day bO
Soi I pH of horvesh
— j 1 r 1 1 1 1 1 1 
c. Final harvest - day SO
8
F i g u r e  3 .1 3 :  H e r b a g e  Mo c o n c e n t r a ­
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99.
h e r b a g e  w h i c h  h a d  i n c r e a s e d  Mo c o n t e n t  o v e r  t h e  c o u r s e  of  t h e  e x p e r i ­
m e n t .  T h e  s i ze  o f  t h e  i n c r e a s e  in  h e r b a g e  Mo c o n t e n t  p r o d u c e d  a t  
lime l ev e l  4 w a s  l a r g e r  t h a n  t h a t  a t  l e v e l  2 e x c e p t  f o r  h e r b a g e  g r o w n  
in soil 7 w h i c h  s h o w e d  n o  s i g n i f i c a n t  c h a n g e .
M olybdenum  -  Pa rt  B
T h e  same  t r e n d s  of  i n c r e a s e d  h e r b a g e  Mo c o n c e n t r a t i o n  wi th  
( a )  lime a p p l i c a t i o n  to  soi l a n d  ( b )  t h e  c o u r s e  o f  t h e  e x p e r i m e n t  t h a t  
h a d  b e e n  n o t e d  in  P a r t  A w e r e  a l s o  s e e n  in  P a r t  B . T h e  e f f e c t s  w e r e  
f a r  l a r g e r  in  soi l 2 t h a n  in  so i l s  4 a n d  8 ( F i g u r e  3 .14  a n d  T a b le  A 3 . 1 4 ) .
A t  t h e  f i r s t  h a r v e s t  ( F i g u r e  3 .1 4 a )  h e r b a g e  g r o w n  in soil 2 h a d  
i n c r e a s e d  o v e r a l l  Mo c o n t e n t ;  i n c r e a s e s  o c c u r r e d  b e t w e e n  lime l e v e l s  
1 a n d  2 ( a p p r o x i m a t e l y  70% i n c r e a s e )  a n d  2 a n d  3 ( a p p r o x i m a t e l y  300% 
i n c r e a s e )  a n d  a d e c r e a s e  ( a p p r o x i m a t e l y  35%) from l e v e l  3 to  4 -  t h e  
o v e r l i m e d  t r e a t m e n t .  In  soil  4 a l t h o u g h  t h e  i n c r e a s e s  b e t w e e n  lime 
l e v e l s  w e re  n o t  t h e m s e l v e s  s i g n i f i c a n t  t h e  o v e r a l l  i n c r e a s e  ( f o u r - f o l d )  
w a s ;  a l s o ,  a l t h o u g h  t h e  h e r b a g e  p r o d u c e d  on  soil  4 c o n t a i n e d  l e s s  
Mo t h a n  t h a t  p r o d u c e d  on  soi l  2 t h e  r e l a t i v e  p e r c e n t a g e  i n c r e a s e  b e t w e e n  
lime l e v e l s  0 to  4 w as  of  t h e  sa me  o r d e r  -  400%. H e r b a g e  g r o w n  in 
soi l 8 s h o w e d  n o  s i g n i f i c a n t  o v e r a l l  c h a n g e  in  Mo c o n t e n t  d e s p i t e  small  
n o n - s i g n i f i c a n t  i n c r e a s e s  f rom  lime l e v e l s  0 to  1, 1 to  2 a n d  2 to  3 a n d  
a  s i g n i f i c a n t  d e c r e a s e  f rom level ;  3 t o  4.
A t  t h e  s e c o n d  h a r v e s t  ( F i g u r e  3 . 1 4 b )  h e r b a g e  g r o w n  on soil 2 
s h o w e d  a n  o v e r a l l  s i x t e e n  a n d  a  h a l f - f o l d  i n c r e a s e  in  Mo c o n t e n t  wi th  
s i g n i f i c a n t  i n c r e a s e s  o c c u r r i n g  b e t w e e n  all lime l e v e l s  e x c e p t  3 a n d
4. H e r b a g e  g r o w n  on  soi l 4 s h o w e d  n o  o v e r a l l  i n c r e a s e  in Mo c o n t e n t  
a s  was  a l s o  t h e  c a s e  f o r  h e r b a g e  g r o w n  on  soil  8 a l t h o u g h  t h i s  m a s k e d  
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F i g u r e  3 .14 :  H e r b a g e  Mo
c o n c e n t r a t i o n  
( m g  k g -1 DM) of  PRG g r o w n  in 
so i l s  2, 4 a n d  8 to  w hich  lime 
h a d  b e e n  a d d e d .
A t  t h e  t h i r d  h a r v e s t  ( F i g u r e  3 .1 4 c )  t h e  c o n c e n t r a t i o n  of  Mo in 
h e r b a g e  g r o w n  on  soi l  2 i n c r e a s e d  g r e a t l y  b e t w e e n  lime l e v e l s  0 to  1,
1 to  2, a n d  2 to  3 a n d  d e c r e a s e d  b e t w e e n  l e v e l s  3 a n d  4,  t h e  o v e r a l l  
i n c r e a s e  was s ix  a n d  t h r e e - q u a r t e r - f o l d  a n d  t h a t  f rom leve l  0 to  3 e i g h t  
a n d  a h a l f - f o l d .  F o r  h e r b a g e  g r o w n  on so i l s  4 a n d  8 t h e r e  w e re  i n c r e a s e s  
in Mo c o n t e n t  b e t w e e n  l e v e l s  0 a n d  1 ( n o n - s i g n i f i c a n t  f o r  soil 4) fo l lowed 
b y  no  f u r t h e r  s i g n i f i c a n t  c h a n g e s .
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harvesh - day 90
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101.
T h e r e  w e r e  s i g n i f i c a n t  o v e r a l l  i n c r e a s e s  in  t h e  Mo c o n t e n t  of  
h e r b a g e  g r o w n  in  t h e  t h r e e  soi ls  b e t w e e n  t h e  f i r s t  a n d  t h i r d  h a r v e s t s  
f o r  all lime a p p l i c a t i o n s  ( e x c e p t  f o r  soi l  4 L 4 ) , a n d  a l s o  f o r  t h e  u n l im e d  
soil  4 ,  a l t h o u g h  t h e  i n c r e a s e s  b e t w e e n  t h e  h a r v e s t s  w e r e  i n d i v i d u a l l y  
n o n - s i g n i f i c a n t  ( F i g u r e  3 . 4 ) .
S u lp h u r  -  Pa rt  A
Lime a d d i t i o n  t o  a  soil  w a s  g e n e r a l l y  f o u n d  to  i n c r e a s e  t h e  c o n ­
c e n t r a t i o n  o f  S in  PRG g r o w i n g  in  t h e  soi l ( T a b l e  A 3 . 1 5 ) .  At  t h e  f i r s t  
h a r v e s t  ( F i g u r e  3 .1 5 a )  all s o i l s ,  e x c e p t  soil  8,  p r o d u c e d  h e r b a g e  w i th  
i n c r e a s e d  S c o n t e n t s  on l im in g ,  e i t h e r  b e t w e e n  lime l e v e l s  0 a n d  2 ( so i l s  
1, 2, 5 a n d  7 ) ,  o r  l e v e l s  2 a n d  4 ( 3 ,  6 a n d  9 ) 1 , o r  b o t h  (soi l  4 ) .  A p a r t  
f rom h e r b a g e  p r o d u c e d  on  so i l s  1 a n d  5 t h e  o v e r a l l  i n c r e a s e  (L0 to  L4) 
was  s i g n i f i c a n t ,  in  t h e  c a s e  of  soi l  6 t h e  l a r g e  i n c r e a s e  ( a p p r o x i m a t e l y  
100%, i.e., 0. 24-0.45%) b e t w e e n  lime l e v e l s  2 a n d  4 o u t w e i g h e d  t h e  sm a l le r  
d e c r e a s e  ( 0 . 3 2  -  0.24%) from lime l e v e l  0 to  2.
A t  t h e  s e c o n d  h a r v e s t  ( F i g u r e  3 . 1 5 b )  t h e  r a n g e  o f  S c o n t e n t s  
f o u n d  in  t h e  h e r b a g e  h a d  d e c r e a s e d  to  0 . 1 1 - 0 . 3 3 % 2 f rom  0 . 2 2 - 0 . 4 1 % 3 
a t  t h e  f i r s t  h a r v e s t ,  a n d  lime a d d i t i o n  w as  s t i l l  f o u n d  to  g e n e r a l l y  c a u s e  
an  o v e r a l l  i n c r e a s e  in  h e r b a g e  S%. I n c r e a s e d  h e r b a g e  S c o n c e n t r a t i o n s  
b e t w e e n  lime l e v e l s  0 a n d  2 w e r e  f o u n d  on soi ls  2 a n d  7 a l t h o u g h  d e c r e a s e s  
a l so  o c c u r r e d  w i th  t h i s  lime a d d i t i o n  ( s o i l s  4, 5 a n d  8) b u t  no  s i g n i f i c a n t  
c h a n g e  w as  t h e  m o s t  common e f f e c t  ( s o i l s  1, 31, 6 a n d  9 ) .  H e r b a g e  
g r o w i n g  in  all  s o i l s ,  e x c e p t  so i l s  2 a n d  5, h a d  i n c r e a s e d  S p e r c e n t a g e s  
b e t w e e n  lime l e v e l s  2 a n d  4 -  so i l s  2 a n d  5 h a d  d e c r e a s e d  p e r c e n t a g e s .
1 NB f o r  so i l s  3 a n d  9 t h e  pH a t  l ime l e v e l s  0 a n d  2 w as  v e r y  c lo s e .
2 E x c l u d i n g  0.39% f o r  soil  8 a t  lime l ev e l  4.
3 E x c l u d i n g  tw o  h i g h  v a l u e s  of  0.45% a n d  0.54% f o u n d  in  soi ls  6 a n d
4 r e s p e c t i v e l y  a t  lime l ev e l  4.
102.
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F i g u r e  3 .1 5 :  H e r b a g e  S c o n c e n t r a -  
t i o n  (m g  k g -1 DM) 
of  PRG g r o w n  in  soi ls  1 to  9 to  
w h ic h  lime h a d  b e e n  a d d e d .
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At  t h e  t h i r d  h a r v e s t  ( F i g u r e  3 .1 5 c )  most  soi ls  ( 1 ,  4, 6, 7, 8 
a n d  9) s t i l l  p r o d u c e d  h e r b a g e  w h o s e  S% i n c r e a s e d  o v e r a l l  wi th  lime 
a d d i t i o n  a l t h o u g h  so i l s  2, 3 a n d  5 p r o d u c e d  n o  o v e r a l l  s i g n i f i c a n t  e f f e c t  
on  h e r b a g e  S% -  f o r  soi ls  2 a n d  5 a n  i n c r e a s e  b e t w e e n  lime l e v e l s  0 a n d  
2 was b a l a n c e d  b y  a  d e c r e a s e  b e t w e e n  l e v e l s  2 a n d  4,  w h i l s t  h e r b a g e  
p r o d u c e d  on  soi l  3 w as  u n a f f e c t e d  b y  e i t h e r  l ime a d d i t i o n .
103.
As  a l r e a d y  n o t e d  a b o v e  t h e r e  w as  a t e n d e n c y  f o r  h e r b a g e  S%in
to d e c r e a s e  d u r i n g  t h e  e x p e r i m e n t  a n d ^ o n l y  o n e  t r e a t m e n t  (soi l  8, lime 
l eve l  4) d id  t h e  o v e r a l l  S% i n c r e a s e  b e t w e e n  t h e  f i r s t  a n d  t h i r d  h a r v e s t ,  
in all o t h e r  c a s e s  t h e  % d e c r e a s e d  ( t h e  m a jo r i ty  of  t r e a t m e n t s )  o r  
r e m a i n e d  u n c h a n g e d  ( s o i l s  2 a n d  5 a t  lime l ev e l  0 a n d  soi ls  2 a n d  5 
a t  lime l ev e l  2 ) .  F o r  m o s t  t r e a t m e n t s  t h e  d e c r e a s e  o c c u r r e d  main ly  
b e t w e e n  t h e  f i r s t  a n d  s e c o n d  h a r v e s t s  a n d  t h e r e  w as  a  f a r  sm a l le r  l e s s  
f r e q u e n t  d e c r e a s e  b e t w e e n  t h e  s e c o n d  a n d  t h i r d  h a r v e s t s .
S u lp h u r  -  Part  B
T h e  m ore  d e t a i l e d  s t u d y  of  so i l s  2, 4 a n d  8 r e v e a l e d  n o  o v e r a l l  
d i f f e r e n c e s  to  t h e  t r e n d s  n o t e d  in  P a r t  A of  i n c r e a s e d  h e r b a g e  S% w i th  
lime a d d i t i o n  a n d  d e c r e a s e d  c o n t e n t s  b e t w e e n  t h e  f i r s t  a n d  s e c o n d  h a r v e s t  
( T a b l e  A 3 . 1 6 ) .
At  t h e  f i r s t  h a r v e s t  he i ’b a g e  g r o w n  on so i l s  2 a n d  4 h a d  o v e r a l l  
i n c r e a s e d  S c o n c e n t r a t i o n s  (L0  t o  L4)  ( F i g u r e  3 . 1 6 a ) .  F o r  h e r b a g e  
g r o w n  on soi l 2 al l t h e  i n c r e a s e  o c c u r r e d  b e t w e e n  l e v e l s  1 a n d  2, a n d  
2 a n d  3 w h i l s t  f o r  soi l  4 a  smal l  i n i t i a l  d e c r e a s e  (L0 to  L I )  was fo l lowed 
b y  l a r g e  i n c r e a s e s  b e t w e e n  l e v e l s  2 a n d  3 a n d  3 a n d  4. T h e  o v e r a l l  
i n c r e a s e  in  b o t h  so i l s  w as  a b o u t  50%. Soil 8 p r o d u c e d  h e r b a g e  w ith  
a n  o v e r a l l  d e c r e a s e  in  S%, t h e  d e c r e a s e  o c c u r r e d  b e t w e e n  lime l e v e l s  
1 a n d  0, a n d  3 a n d  4 ( t h e  o v e r l i m e d  t r e a t m e n t )  a l t h o u g h  t h e r e  w e re  
i n c r e a s e s  b e t w e e n  l e v e l s  1 a n d  2, a n d  2 a n d  3 s u c h  t h a t  t h e  S% a t  lime 
l eve l  3 was h i g h e r  t h a n  t h a t  in  t h e  u n l im e d  c o n t r o l .
At  t h e  s e c o n d  h a r v e s t  ( F i g u r e  3 . 1 6 b )  t h e  S c o n t e n t s  w ere  low er  
t h a n  at  t h e  f i r s t  h a r v e s t  a n d  on  soi l  8, a l o n e ,  p r o d u c e d  h e r b a g e  w h o se  
o v e ra l l  (L0 cf. L4)  c o n t e n t  i n c r e a s e d  wi th  lime a d d i t i o n .  T h e  h e r b a g e  
g r o w n  in  soil  2 h a d  a n  o v e r a l l  d e c r e a s e  in  S% a r i s i n g  f rom  d e c r e a s e s
104.
a. Firs!- harvest' - day 35 b. Second harvest' - day 50
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F i g u r e  3 .1 6 :  H e r b a g e  S c o n ­
c e n t r a t i o n  ( m g  k g -1 
DM) of  PRG g r o w n  in soi l s  2, 4 
a n d  8 t o  w h ic h  lime h a d  b e e n  
a d d e d .
So i I pH ol" harvest-
b e t w e e n  lime l e v e l s  0 a n d  1, a n d  3 a n d  4,  w h ic h  t h e  i n c r e a s e  b e t w e e n  
l e v e l s  1 a n d  2 w as  n o t  g r e a t  e n o u g h  to  o v e r c o m e .  Soil 4 p r o d u c e d  
h e r b a g e  w i th  n o  s i g n i f i c a n t  o v e r a l l  c h a n g e  in  S%. F o r  h e r b a g e  g r o w n  
on soil  8 t h e  d e c r e a s e  in  S% b e t w e e n  lime l e v e l s  0 a n d  1 was  sm al le r  
t h a n  t h e  s u b s e q u e n t  i n c r e a s e s  b e t w e e n  l e v e l s  1 a n d  2, 2 a n d  3 a n d
105.
3 a n d  4,  t h e  l a s t  i n c r e a s e  w as  e s p e c i a l l y  l a r g e .  O v e r a l l  ( l eve l  0 to  4) 
t h e r e  w as  a 130% i n c r e a s e  in  soil 8,  a n d  c o n s i d e r i n g  t h e  i n c r e a s e  b e t w e e n  
l e v e l s  1 a n d  4 t h e  i n c r e a s e  was 300%.
At t h e  t h i r d  h a r v e s t  ( F i g u r e  3 .1 6 c )  h e r b a g e  g r o w n  on soil 2 
s h o w e d  n o  o v e r a l  s i g n i f i c a n t  c h a n g e  in  S%, a s  d i d  t h a t  g r o w n  on soi l 8, 
a l t h o u g h  t h e r e  w e r e  n o  s i g n i f i c a n t  c h a n g e s  b e t w e e n  lime l e v e l s  0 a n d  1,
1 a n d  2 a n d  2 a n d  3 t h e r e  w as  a  l a r g e  t w o - f o l d  i n c r e a s e  b e t w e e n  l e v e l s  
3 a n d  4 f o r  t h i s  so i l .
T h e  S% in  h e r b a g e  from e a c h  t r e a t m e n t  g e n e r a l l y  d e c r e a s e d  t h r o u g h ­
o u t  t h e  e x p e r i m e n t ,  b u t  soi l 8 a t  l ime l e v e l  4 p r o d u c e d  a n  i n c r e a s e  ( a s  in 
P a r t  A)  a n d  soi l  2 a t  lime l e v e l s  0 a n d  1 n o  c h a n g e  ( T a b l e  A 3 . 1 6 ) .
106.
2 .2  E x p e r i m e n t  2: A n  invest igat ion  into the effect o f  lime application
on the content  o f  copper,  m olybdenum  and  su lp h u r
in perenn ia l r y e g r a s s  a nd  white c lo ve r  grow n in 
soils 2, 4 and  8; with two methods of lime app lica ­
tion for perenn ia l  r y e g r a s s .
T h e  b a s i c  e x p e r i m e n t a l  d e s i g n  w as :
2A 3 so i l s  ( 2 ,  4,  8) x  3 pH ( l ime l e v e l s  1, 2, 3 -  L I ,  L2,  L3) x
2 s p e c i e s  (WC, PR G )  x  4 r e p l i c a t e s  w i th  2 s e q u e n t i a l  h a r v e s t s  
on  d a y s  40 a n d  70.
2B 3 so i l s  ( 2 ,  4 ,  8) x  3 pH (l ime l e v e l s  1, 2, 3 -  L I ,  L2 ,  L3) x
2 m e t h o d s  o f  lime a p p l i c a t i o n  (Lime A a n d  Lime S)  x  4 r e p l i c a t e s
g r o w i n g  PRG w i th  2 s e q u e n t i a l  h a r v e s t s  on  d a y s  40 a n d  70 
(Ful l d e t a i l s  a r e  g i v e n  in  C h a p t e r  I I ,  S e c t io n  4 . 1 ) .
T h e  e x p e r i m e n t  w as  o r i g i n a l l y  d e s i g n e d  to  i n v e s t i g a t e  t h e  e f f e c t  of  
'm e th o d  o f  l ime a p p l i c a t i o n  in  b o t h  s p e c i e s ,  h o w e v e r  t h e  DM p r o d u c t i o n  
o f  WC in Lime S p o t s  was v e r y  p o o r ,  n o  g r o w t h  o c c u r r e d  a t  lime l e v e l  3. 
H e n c e  t h e r e  w a s  n o t  g e n e r a l l y  s u f f i c i e n t  h e r b a g e  f o r  chem ica l  a n a l y s i s  
a n d ,  f o r  s t a t i s t i c a l  a n a l y s i s  t h e  WC Lime S p o t s  w e r e  d i s c a r d e d  a n d  
t h e  e x p e r i m e n t  s p l i t  i n to  tw o  h a l v e s  -  A a n d  B -  a s  a b o v e .
T h e  d a t a  f o r  t h e  e x p e r i m e n t  i s  m a in ly  p r e s e n t e d  a s  f i g u r e s ;  pH 
i s  p l o t t e d  a g a i n s t  t im e ,  DM p r o d u c t i o n  is  p r e s e n t e d  a s  h i s t o g r a m s  a n d  
all o t h e r  v a r i a b l e s  a r e  p l o t t e d  a g a i n s t  t h e  soil  pH a t  t h e  t ime t h e  h e r b a g e  
s am ple  w as  t a k e n .  T h e  m e a s u r e d  soi l pH w as  f o u n d  t o  d e c r e a s e  d u r i n g  
t h e  e x p e r i m e n t ,  p a r t i c u l a r l y  f o r  PRG Lime S p o t s  ( s e e  pH s e c t io n  f o r  
f u r t h e r  d e t a i l s ) ,  a n d  t h i s  s h o u l d  b e  b o r n e  in  m in d  w h i l s t  s t u d y i n g  
t h e  f i g u r e s ,  a n d  a l so  t h e  t a b l e s  of  d a t a  p r e s e n t e d  in  A p p e n d i x  3 . 2 .
T h e  lo w e r  p r o d u c t i o n  a t  t h e  f i r s t  h a r v e s t  f o r  PRG a t  Lime S l eve l  
3 in soi l s  2 a n d  8 a n d  f o r  all  WC t r e a t m e n t s ,  p a r t i c u l a r l y  lime leve l  
3, m u s t  b e  b o r n e  in  mind  w h e n  a s s e s s i n g  n u t r i e n t  u p t a k e .  F o r  P a r t
107.
B o n ly  t h e  r e s u l t s  a t  t h e  f i r s t  h a r v e s t  a r e  p r e s e n t e d  f o r  C u ,  S a n d  
Ca b e c a u s e  of  t h e  ' i n a c c u r a t e '  p H s  a t  t h e  s e c o n d  h a r v e s t  a n d  a l so  b e c a u s e  
t h e  p l a n t s  w e r e  b e g i n n i n g  to  a p p e a r  s l i g h t l y  u n h e a l t h y  t o w a r d s  t h e  
e n d  of  t h e  e x p e r i m e n t .  T h e  r e s u l t s  a t  b o t h  h a r v e s t s  a r e  p r e s e n t e d  
f o r  Mo a l t h o u g h  t h e  a b o v e  c o n s i d e r a t i o n s  a l so  a p p l y  b e c a u s e  t h e  tw o  
h a r v e s t s  g a v e  v e r y  d i f f e r e n t  r e s u l t s .
(a) Soil a n a ly s i s  
Soil pH  -  P a rt  A
T h e  a d d i t i o n  o f  t h e  c a l c u l a t e d  a m o u n t s  o f  lime to  t h e  t h r e e  soi ls  
w as  s u c c e s s f u l  in  g i v i n g  t h r e e  d i s t i n c t  in i t i a l  soi l p H s  w h i c h ,  u n l i k e  
E x p e r i m e n t  1, w e r e  v e r y  c lo s e  to  t h e  ' d e s i r e d '  p H s  -  4 . 5 ,  5 .5  a n d  6 . 5 .  
T h e r e  w a s  a soi l  e f f e c t  a n d  a soi l  x  lime i n t e r a c t i o n  on  p H  a t  all t h r e e  
s a m p l i n g  t im e s  w i th  soi l 8 h a v i n g  lo w e r  p H s  t h a n  so i l s  2 a n d  4 ( F i g u r e  
3 .17  a n d  T a b l e  A 3 . 1 7 ) .
T h e  p l a n t  s p e c i e s  g r o w i n g  in  t h e  soi l a l so  h a d  a n  e f f e c t  on t h e  
soil  pH a t  t h e  s t a r t  a n d  e n d  o f  t h e  e x p e r i m e n t  -  soi l s  g r o w i n g  g r a s s  
h a v i n g  h i g h e r  p H s  a t  b o t h  t im e s  b y  0 .1  o r  0 .2  u n i t s .  T h e  d i f f e r e n c e  
a t  t h e  s t a r t  o f  t h e  e x p e r i m e n t  w as  p r o b a b l y  d u e  to  d i f f e r e n t  t e c h n i q u e s  
of  s a m p l i n g  b e i n g  u s e d  f o r  t h e  tw o  s p e c i e s  ( s e e  C h a p t e r  I I ,  S ec t io n
4 . 2 ) ,  a n d  t h e  d i f f e r e n c e  a t  t h e  e n d  o c c u r r e d  b e c a u s e  l e g u m e s  h a v e  
a n  a b i l i t y  to  a c i d i f y  t h e  medium in w h ic h  t h e y  a r e  g r o w i n g  ( H a y n e s ,
1983) .
T h e  soi l pH of  al l t r e a t m e n t s  d e c r e a s e d  o v e r  t h e  c o u r s e  of t h e  
e x p e r i m e n t .  T h e  m a g n i t u d e  o f  t h e  d e c r e a s e  was  u n a f f e c t e d  b y  t h e  
soil  b u t  was l a r g e r  t h e  h i g h e r  t h e  in i t i a l  soil p H ,  w i th  t h e  pH at  lime 
l eve l  1 d e c r e a s i n g  b y  o n ly  0 .2  u n i t s  a n d  t h a t  a t  l ev e l  3 b y  0 . 4 -  0 .6  
u n i t s .  F o r  t h e  p o t s  in w h ic h  PRG was g r o w n  t h e  d e c r e a s e  o c c u r r e d
108.
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F i g u r e  3 . 1 7 :  pH of  soils  2, 4
a n d  8 in  w hic h  
PRG a n d  WC w e re  g ro w n  a t  t h r e e  
lime l e v e l s .
a lmost  c o m p l e t e l y  b e t w e e n  t h e  s t a r t  o f  t h e  e x p e r i m e n t  a n d  the  f i r s t  
h a r v e s t ,  w h i l s t  f o r  WC i t  c o n t i n u e d  u p  to t h e  s e c o n d  h a r v e s t ,  r e f l e c t i n g  
t h i s  s p e c i e s '  a b i l i t y  to  a c i d i f y  t h e  so i l .
109.
T h e  r e d u c t i o n  o f  soi l  pH d u r i n g  t h e  c o u r s e  of  a  p o t  e x p e r i m e n t  
is  f r e q u e n t l y  o b s e r v e d  a n d  is d u e  to: i n c r e a s e d  c o n c e n t r a t i o n s  of H + 
io n s  in  t h e  soil  b r o u g h t  a b o u t  b y  t h e  n i t r i f i c a t i o n  o f  NHi++ to  N 0 3~ ( t h e  
N s o u r c e  w a s  NHi* + NC>3_ ) a n d  b y  t h e  p l a n t  e x c r e t i o n  o f  p r o t o n s  a s s o c i a t e d  
w i th  c a t i o n  ( i n c l u d i n g  NHi*+) u p t a k e  e x c e e d i n g  t h e  e x c r e t i o n  of  H C 0 3-  
a s s o c i a t e d  w i th  a n i o n  u p t a k e ,  i . e .  a l t e r e d  c a t i o n / a n i o n  b a l a n c e s  ( H e l y a r ,  
1976) .  T h a t  pH d i d  n o t  d e c r e a s e  in  a s imil a r  f a s h i o n  d u r i n g  E x p e r i m e n t  
1 c o u ld  b e  b e c a u s e  w h e r e a s  E x p e r i m e n t  2 was c a r r i e d  o u t  d u r i n g  t h e  
s p r i n g  E x p e r i m e n t  1 w a s  c a r r i e d  o u t  d u r i n g  t h e  w i n t e r  w h e n ,  a l t h o u g h  
in a g l a s s h o u s e ,  t h e  soil  w o u ld  h a v e  b e e n  c o l d e r  a n d  r a t e s  of  n i t r i f i c a t i o n  
l e s s .  T h i s  s u p p o s i t i o n  i s  s u p p o r t e d  b y  t h e  d r y  w e i g h t  d a t a  ( s e e  C h a p t e r  
IV ,  S e c t io n  6 ) ,  a n d  a l s o  b y  t h e  e v i d e n c e  o f  F lo a te  a n d  P i m p l a s k a r  (1976)  
t h a t  m i n e r a l i z a t i o n  of  'P '  f rom h i l l  so i ls  w as  l e s s  in  w i n t e r  t h a n  in  s u m m e r  
g l a s s h o u s e  p o t  e x p e r i m e n t s .
Soil pH  -  Pa rt  B
T h e  soil  s a m p l e s  on  w h i c h  t h e  p H  a n a l y s e s  w e r e  p e r f o r m e d  w e re  
t a k e n  b y  a d i f f e r e n t  t e c h n i q u e  a t  e a c h  o f  t h e  t h r e e  s a m p l i n g  t imes  ( s e e  
C h a p t e r  I I ,  S e c t i o n  4 . 2 )  a n d  i t  i s  n e c e s s a r y  to  r e m e m b e r  t h i s  w h e n  
s t u d y i n g  t h e  pH in  t h e  s u r f a c e  a p p l i e d  lime t r e a t m e n t s .
T h e  pH of  t h e  i n i t i a l  s a m p le  w as  g r e a t e r  in  t h e  p o t s  w h e r e  lime 
h a d  b e e n  a p p l i e d  to  o n ly  t h e  t o p  30% ( b y  vo lu m e)  (Lime S) t h a n  in  t h e  
p o t s  w h e r e  lime w a s  a p p l i e d  t h r o u g h o u t  t h e  soil  (Lime A ) .  T h e  d i f f e r e n c e  
was on  a v e r a g e  1 .6  u n i t s  a t  l ime l e v e l  1, 1 .8  a t  l e v e l  2 a n d  1.2 a t  l eve l  
3, t h e  sm a l le r  i n c r e a s e  a t  l ime l e v e l  3 w as  d u e  to  t h e  p l a t e a u  of  t h e  
lime r e s p o n s e  c u r v e  h a v i n g  b e e n  r e a c h e d  ( F i g u r e  3 . 1 8 ,  T ab le  A 3 . 1 7 ) .
A t  t h e  f i r s t  h a r v e s t  t h e  pH of  t h e  Lime S p o t s  was s ti ll  g r e a t e r  




F i g u r e  3 .18 :  pH of  soi ls  2, 4
a n d  8 in  w h ich  PRG 
w as  g r o w n  a t  t h r e e  lime l e v e l s  w i th  
tw o  m e t h o d s  of  lime a p p l i c a t i o n  -  
lime a p p l i e d  to  all  t h e  soil o r  to  t h e  
s u r f a c e  l a y e r  ( t o p  30%) o f  soi l .
T ime in days
a v e r a g e  0 .3  u n i t s  a t  lime l e v e l  1, 0 . 7  a t  l e v e l  2 a n d  0 . 5  a t  l eve l  3. 
A l t h o u g h  t h e  s a m p l e s  a t  t h e  s t a r t  o f  t h e  e x p e r i m e n t  w e r e  t a k e n  in  a 
d i f f e r e n t  m a n n e r  to  t h o s e  a t  t h e  f i r s t  h a r v e s t  b o t h  w e r e  a s s e s s i n g  t h e  
r e g i o n  of  t h e  soi l  to  w h ich  lime h a d  b e e n  a d d e d  in t h e  Lime S p o t s ,  
so  d i f f e r e n c e s  in  s a m p l i n g  t e c h n i q u e  do  n o t  e x p l a i n  t h e  r e d u c t i o n  in
111.
soi l p H .  I n s t e a d  t h e  r e d u c t i o n  c o u l d  b e  d u e  to  t h e  lime h a v i n g  b e e n  
s lowly  t r a n s f e r r e d  dow n  t h e  p o t  b e c a u s e  o f  t h e  s u r f a c e  w a t e r i n g  a n d  
p l a n t  g r o w t h ,  c o m b i n e d  w i th  t h e  p o s s i b l e  p r o d u c t i o n  o f  p l a n t  r o o t  e x u d a t e s ,  
soi l n i t r i f i c a t i o n  a c t i v i t i e s  a n d  a l t e r e d  soi l c a t i o n / a n i o n  b a l a n c e s  w h ic h  
a l so  l e d  to  t h e  d e c r e a s e  of  pH in  t h e  Lime A t r e a t m e n t s  ( s e e  a b o v e ) .
A t  t h e  s e c o n d  h a r v e s t  t h e  m e t h o d  of  lime a p p l i c a t i o n  s t i l l  h a d  a n  
e f f e c t  b u t  now  all  c o m p a r a b l e  Lime S a n d  Lime A t r e a t m e n t s  w e r e  a t  
t h e  same p H s ,  o r  Lime S p o t s  h a d  p H s  0 . 1  t o  0 . 2  u n i t s  low er  ( e x c e p t  
f o r  soi l 8 a t  l ime l e v e l  3 w h e r e  t r e a t m e n t  Lime S w a s  0 . 4  pH u n i t s  h i g h e r ) .  
T h e  r e a s o n  f o r  t h e  c o n v e r g e n c e  o f  t h e  p H s  in  t h e  tw o  lime a p p l i c a t i o n  
t r e a t m e n t s  is  p r o b a b l y  d u e  e n t i r e l y  t o  d i f f e r e n c e s  in  t h e  s a m p l in g  
t e c h n i q u e  u s e d  cf. t h o s e  f o r  t h e  p r e v i o u s  tw o  pH s a m p l e s .
( b ) H e rbage  a n a ly s i s
D r y  matter p roduct ion  -  Pa rt  A
T h e  WC p l a n t s  to o k  l o n g e r  to  b e c o m e  e s t a b l i s h e d  t h a n  t h e  PRG 
p l a n t s  a n d  so a t  t h e  f i r s t  h a r v e s t  DM p r o d u c t i o n  w as  m u c h  lower  f o r  
WC t h a n  f o r  PRG . B y  t h e  s e c o n d  h a r v e s t  p r o d u c t i o n  w a s  g r e a t e r  f o r  
WC t h a n  f o r  PRG , e x c e p t  soil  2 a t  lime l e v e l  3 w h e r e  PRG > WC a n d  
soil  2 a t  lime l e v e l  1 w h e r e  PRG ~ WC . T h e  s i ze  o f  d i f f e r e n c e s  a t  b o t h  
h a r v e s t s  v a r i e d  w i t h  soil  a n d  lime l e v e l  b u t  w as  c o n s i s t e n t l y  m uch  sm a l le r  
a t  t h e  s e c o n d  h a r v e s t  -  0 . 2  to  0 . 9  g  d i f f e r e n c e ,  c o m p a r e d  to  1 .0  to 
2 .25  g ,  w h ic h  w e r e  p e r c e n t a g e  d i f f e r e n c e s  o f  a p p r o x i m a t e l y  10-50% a n d  
100 to  1500% ( F i g u r e  3 .19  a n d  T a b l e  A 3 . 1 8 ) .
F o r  PRG DM p r o d u c t i o n  i n c r e a s e d  a s  t h e  a m o u n t  o f  lime a p p l i e d  
was  i n c r e a s e d .  F o r  WC a t  t h e  f i r s t  h a r v e s t  lime l e v e l  3 p r o d u c e d  t h e  
l e a s t  p r o d u c t i o n  in  al l t h r e e  so i l s  a n d  lime l ev e l  2 t h e  m os t  ( t h e  d i f f e r e n c e  
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F i g u r e  3 .1 9 :  DM p r o d u c t i o n  ( g  p o t - 1 ) of  PRG a n d  WC g r o w n  in soi ls
2, 4 a n d  8 a t  t h r e e  lime l e v e l s  w i t h ,  f o r  P R G ,  two  m e t h o d s  
o f  l ime a p p l i c a t i o n  -  h a r v e s t s  t a k e n  a f t e r  40 a n d  70 d a y s .
113.
t h e  a d v e r s e  e f f e c t s  o f  t h e  h i g h e s t  lime l e v e l  on  WC p r o d u c t i o n  h a d  
b e e n  o v e r c o m e  in  so i l s  4 a n d  8 a n d  t h e  o r d e r  o f  p r o d u c t i o n  w i th  r e g a r d  
to  t h e  a m o u n t  o f  l ime t h a t  h a d  b e e n  a p p l i e d  w as  t h e  same a s  fo r  PRG , 
i . e .  l eve l  3 > l e v e l  2 > l e v e l  1. In  soi l  2, h o w e v e r ,  l ime l eve l  3 was 
s t i l l  p r o d u c i n g  a n  a d v e r s e  e f f e c t  o n  WC g r o w t h  a n d  t h e  o r d e r  of p r o d u c ­
t io n  w i th  r e g a r d  to  lime l e v e l  w a s  a s  a t  t h e  f i r s t  h a r v e s t ,  i . e .  l eve l
2 > l eve l  1 > l e v e l  3.  P o s s i b l e  r e a s o n s  f o r  t h e  h i g h e s t  lime l ev e l  l e a d i n g  
to  d e c r e a s e d  p r o d u c t i o n  in  c l o v e r  i n c l u d e  s a l t  e f f e c t s  w h ic h  c a u s e d  
d e l a y e d  e s t a b l i s h m e n t  o r  to  a n  i n d u c e d  P d e f i c i e n c y .
D r y  matter p roduct ion  -  P a rt  B
T h e  l a r g e s t  e f f e c t  o f  l ime a p p l i c a t i o n  o c c u r r e d  a t  Lime S l ev e l
3 a t  t h e  f i r s t  h a r v e s t  w h e r e  p r o d u c t i o n  w as  g r e a t l y  i n h i b i t e d  c o m p a r e d  
to  all o t h e r  t r e a t m e n t s .  T h i s  e f f e c t  w a s  l e s s  m a r k e d  in  soil  4 a n d  b y  
t h e  s e c o n d  h a r v e s t  w as  o v e r c o m e  in  all  soi ls  ( F i g u r e  3 .1 9  a n d  T a b le  
A 3 . 1 8 ) .  Some r e a s o n s  f o r  t h e  i n h i b i t i o n  of  p r o d u c t i o n  h a v e  a l r e a d y  
b e e n  o u t l i n e d  a b o v e ,  a n d  b y  t h e  s e c o n d  h a r v e s t  t h e  a d v e r s e l y  h i g h  pH 
w a s  o v e r c o m e  n o t  o n l y  b e c a u s e  t h e  pH of  t h e  s u r f a c e  l a y e r  d e c l i n e d  
( s e e p a g e  110) b u t  a l so  b e c a u s e  t h e  p l a n t  r o o t s  w e r e  n o  l o n g e r  main ly  
c o n f i n e d  to  t h e  t o p  h e a v i l y  l imed zone  o f  so i l .  Al l t r e a t m e n t s  a p a r t  
f rom Lime S a t  l e v e l  3 h a d  r e d u c e d  DM p r o d u c t i o n  a t  t h e  s e c o n d  h a r v e s t ,  
b y  w h ich  s t a g e  t h e  p l a n t s  w e r e  b e g i n n i n g  to  look u n h e a l t h y  a n d  t h e
soi l  e f f e c t  w a s  n o  l o n g e r  s i g n i f i c a n t .
P o t s  to  w h ic h  lime h a d  b e e n  a p p l i e d  b y  m e t h o d  A a lw a y s  p r o d u c e d  
more  t h a n ,  o r  h a d  n o  s i g n i f i c a n t  d i f f e r e n c e  in  p r o d u c t i o n  from, Lime S 
p o t s .  At  lime l e v e l  1 t h e r e  w a s  n o  s i g n i f i c a n t  d i f f e r e n c e  in p r o d u c t i o n  
in  a n y  soil a t  e i t h e r  h a r v e s t ,  e x c e p t  soi l 4 a t  t h e  f i r s t  h a r v e s t .  At  
lime l eve l  2 s i g n i f i c a n t l y  g r e a t e r  p r o d u c t i o n  o c c u r r e d  in  Lime A p o t s  f o r
114.
soil 4 a t  b o t h  h a r v e s t s  a n d  soil  8 f o r  t h e  f i r s t  h a r v e s t ;  whi l s t  for  lime 
l eve l  3 all Lime A p o t s  a t  b o t h  h a r v e s t s  h a d  s i g n i f i c a n t l y  g r e a t e r  p r o d u c ­
t ion ( s e e  a b o v e ) .  F o r  Lime A p o t s  p r o d u c t i o n  w a s  a l w a y s  g r e a t e s t  
a t  l eve l  3 a n d  l e a s t  a t  l ev e l  1, a s  w a s  a l so  t h e  c a s e  f o r  Lime S at  t h e  
s e c o n d  h a r v e s t .
Copper -  P a rt  A
T h r o u g h o u t  t h e  e x p e r i m e n t  t h e  C u  c o n c e n t r a t i o n  was h i g h e r  
in WC t h a n  in  PRG f o r  p l a n t s  g r o w n  in  soi l s  2 a n d  4, b u t  n o t  in soil 8 -  
t h e  soil h a v i n g  t h e  l o w e s t  i n i t i a l  C u  c o n c e n t r a t i o n .  T h e  m a g n i tu d e  of  
t h e  d i f f e r e n c e  w a s  g r e a t e r  a t  t h e  s e c o n d  h a r v e s t  in  b o t h  soi l s  ( b y  l \  to  
6 t i m e s ) , b u t  p a r t i c u l a r l y  f o r  p l a n t s  g r o w i n g  in  soi l  4 a t  lime l eve ls  
l a n d  2 a n d  soi l  2 a t  lime l e v e l  3 ( F i g u r e  3 .20  a n d  T a b l e  A 3 . 1 9 ) .
a. First harvest - day 40 b. Final harvest - day 70
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F i g u r e  3 .20 :  H e r b a g e  Cu  c o n c e n t r a t i o n  (m g  k g -1 DM) of  PRG a n d
WC g r o w n  in  so i l s  2, 4 a n d  8 to  w h ic h  lime h a d  b e e n  
a d d e d .
115.
Lime a d d i t i o n  h a d  n o  s i g n i f i c a n t  e f f e c t  on  h e r b a g e  Cu  c o n c e n t r a ­
t i o n s  a t  t h e  f i r s t  h a r v e s t  b u t  h a d  a n  e f f e c t  a t  t h e  s e c o n d  h a r v e s t ,  
w h ic h  w as  m o s t  n o t i c e a b l e  in  WC g r o w n  in  soi l  4.  F o r  WC g r o w i n g  in  
soil  2 t h e  o v e r a l l  C u  c o n t e n t  in  t h e  h e r b a g e  ( L I  c o m p a r e d  to  L3)  i n ­
c r e a s e d ,  w h i l s t  PRG g r o w i n g  in  t h e  soil  was n o t  a f f e c t e d  b y  lime a p p l i c a ­
t i o n  ( i n  c o n t r a s t  t o  E x p e r i m e n t  1 w h e r e  a d e c r e a s e  w a s  n o t e d  b u t  n o t  
u n t i l  t h e  t h i r d  h a r v e s t ) .  T h e  C u  c o n t e n t  o f  b o t h  PRG a n d  WC g r o w n  
on  soi l 4 d e c r e a s e d  o v e r a l l :  t h e  d e c r e a s e  w as  e s p e c i a l l y  n o t i c e a b l e  f o r  
WC w h e r e  t h e  c o n c e n t r a t i o n  a t  l ime l e v e l  3 ( 6 . 3  m g  k g -1 DM) was  a p p r o x i ­
mate ly  h a l f  t h a t  a t  l e v e l  1 ( 1 2 . 4  m g  k g -1 DM);  in  PRG t h e  d e c r e a s e  
( 5 . 0  to  3 .2  m g  k g -1  DM) o c c u r r e d  b e t w e e n  lime l e v e l s  1 a n d  2 fo l low ed 
b y  a  smal l ,  j u s t  s i g n i f i c a n t ,  i n c r e a s e  to  l e v e l  3 ( 3 . 6  m g  k g -1 DM) ( in  
a g r e e m e n t  w i th  E x p e r i m e n t  1 ) .  F o r  h e r b a g e  g r o w n  o n  soi l 8 t h e r e  
was  n o  s i g n i f i c a n t  c h a n g e  o f  PRG C u  c o n c e n t r a t i o n  w i th  lime a d d i t i o n  
( n o  e f f e c t  w as  a l s o  n o t e d  f o r  t h e  f i r s t  a n d  s e c o n d  h a r v e s t s  of  E x p e r i m e n t  
1 ) ,  b u t  t h e r e  w a s  a  smal l s i g n i f i c a n t  d e c r e a s e  in  WC c o n t e n t  w h ic h  
o c c u r r e d  b e t w e e n  lime l e v e l s  2 a n d  3.
C opper  -  Pa rt  B
O n ly  t h e  r e s u l t s  f o r  t h e  f i r s t  h a r v e s t  will b e  c o n s i d e r e d  h e r e  
f o r  t h e  r e a s o n s  g i v e n  in  t h e  DM p r o d u c t i o n  s e c t i o n .  T h e  r e s u l t s  f o r  
t h e  s e c o n d  h a r v e s t  a r e  g i v e n  in  T a b l e  A 3 . 1 9  a n d  a l t h o u g h  g e n e r a l l y  
low er  t h a n  t h o s e  f o r  t h e  f i r s t  h a r v e s t  ( a s  w as  a l s o  f o u n d  in  E x p e r i m e n t  
1) follow t h e  sa me  t r e n d s .
T h e  same o r d e r  of  so i l s  was o b s e r v e d  a s  f o r  E x p e r i m e n t  1 with  
t h e  o r d e r  of  C u  c o n c e n t r a t i o n  in  PRG g r o w n  on t h e  t h r e e  soi ls ,  b e i n g  
soil  2 > soil  4 > soil  8 ( F i g u r e  3 . 2 1 ) .  Lime a d d i t i o n  h a d  no  s i g n i f i c a n t  
e f f e c t  on  t h e  C u  c o n t e n t  o f  h e r b a g e  p r o d u c e d  on soi l  8 (Lime A a n d  S)
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F i g u r e  3 .2 1 :  H e r b a g e  C u  c o n c e n t r a t i o n  ( m g  k g -1 DM) o f  PRG g r o w n
f o r  40 d a y s  in so i l s  2, 4 a n d  8 t o  w h i c h  lime h a d  b e e n  
a p p l i e d  e i t h e r  t o  a l l  t h e  soi l o r  t o  t h e  s u r f a c e  l a y e r  ( t o p  
30%) o f  so i l .
b u t  i n c r e a s e d  t h a t  o f  h e r b a g e  p r o d u c e d  on soi l  2 . (L ime A a n d  S)  a n d  
soil  4 (Lime A ) ;  in  a ll  t h r e e  c a s e s  t h e  i n c r e a s e  o c c u r r e d  on ly  b e t w e e n  
lime l e v e l s  2 a n d  3.  A n  i n c r e a s e  b e t w e e n  lime l e v e l s  2 a n d  3 was a l so 
o b s e r v e d  w i t h  Lime S in  soi l 4 b u t  t h i s  was b a l a n c e d  b y  a d e c r e a s e  
b e t w e e n  t h e  l e v e l s  1 a n d  2 l e a d i n g  to  n o  s i g n i f i c a n t  o v e r a l l  c h a n g e  in  
h e r b a g e  C u  c o n c e n t r a t i o n .  T h e  m e t h o d s  o f  lime a p p l i c a t i o n  h a d  n o  
s i g n i f i c a n t  e f f e c t  on  h e r b a g e  C u  c o n c e n t r a t i o n s .
Molybdenum  -  P a rt  A
At t h e  f i r s t  h a r v e s t  t h e r e  w a s  n o  s i g n i f i c a n t  d i f f e r e n c e  a t  lime 
l e v e l s  1 a n d  2 b e t w e e n  t h e  Mo c o n c e n t r a t i o n  o f  PRG o r  WC in a n y  of
117.
t h e  t h r e e  s o i l s ,  b u t  a t  l ime l e v e l  3 WC c o n t a i n e d  m ore  Mo t h a n  PRG 
(86% in soi l 2,  76% in soil  4 a n d  96% in  soil  8 ) .  A t  t h e  s e c o n d  h a r v e s t  
on ly  soil  2 a t  l ime l ev e l  3 s t i l l  p r o d u c e d  WC c o n t a i n i n g  more Mo t h a n  
PRG , b u t  t h e  s i z e  o f  t h e  d i f f e r e n c e  w as  now  h a l f  t h a t  a t  t h e  f i r s t  h a r v e s t  
(34%), a n d  a t  l ime l e v e l  2 in  t h i s  soi l WC c o n t a i n e d  l e s s  Mo t h a n  P R G .
F o r  t h e  tw o  s p e c i e s  g r o w n  in  soil  4 t h e r e  w as  now n o  d i f f e r e n c e  in 
Mo c o n t e n t  a t  a n y  lime l e v e l ,  a n d  f o r  h e r b a g e  g r o w n  o n  soil 8 WC c o n ­
t a i n e d  l e s s  Mo t h a n  PRG a t  all l ime l e v e l s  ( a l t h o u g h  t h e  d i f f e r e n c e  was 
n o t  s i g n i f i c a n t  a t  l ime l ev e l  3) ( F i g u r e  3 . 2 2 ) .
a. First harvest - day 40 b. Final harvest - day 70
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F i g u r e  3 .2 2 :  H e r b a g e  Mo c o n c e n t r a t i o n  (m g  k g -1 DM) of  PRG a n d
WC g r o w n  in  so i l s  2, 4 a n d  8 to  w h i c h  lime h a d  b e e n  
a d d e d .
118.
T h e  e f f e c t  o f  lime a d d i t i o n  on  h e r b a g e  Mo c o n c e n t r a t i o n  was m u c h  
g r e a t e r  in  soil  2 t h a n  in soi ls  4 a n d  8 a s  f o u n d  in  E x p e r i m e n t  IB , a n d  
w e r e  s im i la r  f o r  PRG a t  t h e  f i r s t  h a r v e s t  to  t h o s e  o b s e r v e d  in E x p e r i m e n t  
I B ,  i . e .  h e r b a g e  g r o w n  in  soi ls  4 a n d  8 was u n a f f e c t e d  b y  lime w h i l s t  
t h a t  in soil  2 h a d  i n c r e a s e d  Mo c o n t e n t .  In  all  t h r e e  so i l s  t h e  a d d i t i o n  
o f  lime e l e v a t e d  t h e  Mo c o n t e n t  o f  WC; fo r  soi ls  4 a n d  8 a t  t h e  f i r s t  
h a r v e s t  t h e  i n c r e a s e  was o n ly  s i g n i f i c a n t  b e t w e e n  l e v e l s  2 a n d  3 ( F i g u r e  
3 . 2 2 a ) .  A t  t h e  s e c o n d  h a r v e s t  l ime a d d i t i o n  h a d  n o  o v e r a l l  s i g n i f i c a n t  
e f f e c t  o n  t h e  Mo c o n t e n t  o f  e i t h e r  PRG o r  WC g r o w i n g  in  soi l s  4 a n d  8, 
d e s p i t e  a  smal l  d e c r e a s e  f o r  PRG in  soi l 8 b e t w e e n  lime l e v e l s  2 a n d  3.
F o r  WC a n d  PRG g r o w n  in  soi l  2 t h e  a p p l i c a t i o n  of  lime g r e a t l y  i n c r e a s e d  
h e r b a g e  Mo c o n t e n t ,  b u t  f o r  WC al l  t h e  i n c r e a s e  o c c u r r e d  b e t w e e n  lime 
l e v e l s  2 a n d  3 ( F i g u r e  3 . 2 2 b ) .
B r o a d l y  s p e a k i n g ,  t h e  r a n g e  o f  v a l u e s  f o u n d  f o r  all t h r e e  soi ls  
r e m a i n e d  t h e  sam e  t h r o u g h o u t  t h e  e x p e r i m e n t  w i th  m o s t  t r e a t m e n t s  
p r o d u c i n g  h e r b a g e  w i th  Mo c o n t e n t s  in  t h e  r a n g e  1 -  4 m g  k g -1 DM ( T a b l e  
A 3 . 2 0 ) .
M olybdenum  -  Pa rt  B
D a t a  is  p r e s e n t e d  f o r  b o t h  h a r v e s t s  ( F i g u r e  3 . 2 3 ) ,  a s  a l t h o u g h  
t h e  e f f e c t  o f  m e t h o d  of  lime a p p l i c a t i o n  h a d  n o  s i g n i f i c a n t  e f f e c t  on 
h e r b a g e  Mo c o n c e n t r a t i o n  a t  t h e  f i r s t  h a r v e s t  t h e r e  w a s  a v e r y  h i g h l y  
s i g n i f i c a n t  e f f e c t  a t  t h e  second^  w i th  Lime A c o n s i s t e n t l y  i n c r e a s i n g  
h e r b a g e  Mo c o n t e n t  in  soi ls  4 a n d  8 c o m p a r e d  to  Lime S . T h e  e f f e c t  
o f  lime a p p l i c a t i o n  m e t h o d  was  m ore  d i f f i c u l t  to  i n t e r p r e t  in soil 2, w h ic h  
p r o d u c e d  h e r b a g e  w i th  t h e  h i g h e s t  Mo c o n c e n t r a t i o n s  a s  i t  was c o n ­
f o u n d e d  w i th  t h e  e f f e c t  of  l e v e l  o f  lime a d d i t i o n .
119.
a. Firsl harvest - day 40 b. Final harvest - day 70
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F i g u r e  3 .2 3 :  H e r b a g e  Mo c o n c e n t r a t i o n  ( m g  k g -1 DM) of  PRG g r o w n
in  so i l s  2, 4 a n d  8 to  w h i c h  lime h a d  b e e n  a p p l i e d  e i t h e r  
t o  al l t h e  soi l  o r  t o  t h e  s u r f a c e  l a y e r  ( t o p  30%) of  soi l .
H e r b a g e  Mo c o n c e n t r a t i o n s  o f  PRG g r o w n  in  so i l s  4 a n d  8 w e re  
n o t  g e n e r a l l y  s i g n i f i c a n t l y  a f f e c t e d  b y  lime a d d i t i o n ,  b u t  fo r  t r e a t m e n t  
Lime A in  soi l  2 a t  t h e  f i r s t  a n d  s e c o n d  h a r v e s t  h e r b a g e  Mo c o n t e n t  
s i g n i f i c a n t l y  i n c r e a s e d :  a n d  a l t h o u g h  o v e r a l l  a t  b o t h  h a r v e s t s  t h e  Lime 
S t r e a t m e n t  d i d  n o t  s i g n i f i c a n t l y  a f f e c t  h e r b a g e  Mo t h e r e  was a l a r g e  
i n c r e a s e  f o l lo w e d  b y  a n  e q u i v a l e n t  s i z e d  d e c r e a s e  b e t w e e n  lime l e v e l s  1 
to  2 a n d  2 to  3 r e s p e c t i v e l y ,  a t  t h e  s e c o n d  h a r v e s t .  T h e r e f o r e  fo r  soi l 
2 a t  t h e  f i r s t  h a r v e s t s  a t  lime l e v e l  3,  Lime A p r o d u c e d  h i g h e r  h e r b a g e  
Mo c o n c e n t r a t i o n s  t h a n  Lime S ( t h e r e  w as  v e r y  p o o r  g r o w t h  in t h i s  
t r e a t m e n t )  a n d  a t  l ime l e v e l  1 Lime A g a v e  l o w e r  c o n c e n t r a t i o n s  t h a n  
Lime S; t h e  e f f e c t  o f  a p p l i c a t i o n  a t  l ime l e v e l  2 i s  c o n f u s e d  b y  t h e  
v e r y  d i f f e r e n t  p H s  b u t  i t  a p p e a r s  t h a t  m e t h o d  S g a v e  h i g h e r  h e r b a g e  
Mo c o n c e n t r a t i o n s .  A t  t h e  s e c o n d  h a r v e s t  l ime l e v e l s  1 a n d  3 a c t  a s  a t  
t h e  f i r s t  h a r v e s t  a n d  a t  lime l e v e l  2 a p p l i c a t i o n  m e t h o d  S d e f in i t e ly  
p r o d u c e d  h i g h e r  h e r b a g e  Mo c o n t e n t s  ( s e e  a l so  T a b l e  A 3 .  30).
120.
S u lp h u r  -  P a rt  A
PRG g r o w n  in  soil  2 c o n t a i n e d  more  S t h a n  WC a t  all lime l e v e l s  
a t  b o t h  h a r v e s t s ;  f o r  lime l e v e l s  1 a n d  2 t h e  s ize  of  t h e  d i f f e r e n c e  
w as  2 to  3 t i m e s  g r e a t e r  a t  t h e  s e c o n d  h a r v e s t  t h a n  a t  t h e  f i r s t .  F o r  
PRG g r o w n  in  soi l  4 t h e  S% w as  s i g n i f i c a n t l y  g r e a t e r  t h a n  t h a t  of  WC, 
a t  lime l e v e l  2 a t  t h e  f i r s t  h a r v e s t  a n d  a t  lime l e v e l  3 a t  t h e  f i r s t  a n d  
s e c o n d  h a r v e s t ,  a ll  o t h e r  d i f f e r e n c e s  w e r e  n o t  s i g n i f i c a n t .  In  c o n t r a s t  
to  t h e  o t h e r  tw o  so i l s  PRG g r o w n  in soi l 8 c o n t a i n e d  l e s s  S t h a n  WC 
a t  all  l ime l e v e l s  a t  b o t h  h a r v e s t s  ( e x c e p t  lime l e v e l  3 a t  t h e  f i r s t  h a r v e s t ) , 
t h e  s i ze  o f  t h e  d i f f e r e n c e  w as  s imi la r  a t  b o t h  h a r v e s t s  ( T a b l e  A 3 . 3 1 ) .
In  PRG t h e  e f f e c t  o f  l ime a d d i t i o n s  was a l w a y s  to  i n c r e a s e  t h e  
S c o n c e n t r a t i o n  o f  t h e  h e r b a g e  s u c h  t h a t  b o t h  t h e  o v e r a l l  ( L I  to  L3) 
a n d  b e t w e e n  lime l e v e l  d i f f e r e n c e s  w e re  s i g n i f i c a n t ,  t h e  i n c r e a s e s  w e re  
l e s s  m a r k e d  a t  t h e  s e c o n d  h a r v e s t  ( a s  f o u n d  in  E x p e r i m e n t  1) ( F i g u r e  
3 . 2 4 ) .  WC g r o w n  in  soil  8 r e s p o n d e d  to  lime a d d i t i o n s  in  t h e  same 
way  a s  P R G ,  i n c r e a s e d  c o n t e n t s ,  a s  d id  WC in  soil  2 a t  t h e  s e c o n d  
h a r v e s t ;  a n d  a l t h o u g h  o v e r a l l  t h e  S c o n t e n t  o f  WC a t  t h e  f i r s t  h a r v e s t  
in  t h i s  soi l  a l s o  i n c r e a s e d  s i g n i f i c a n t l y ,  t h e  e f f e c t  o f  t h e  i n d i v i d u a l  
lime a d d i t i o n s  w a s  n o t  s i g n i f i c a n t .  T h e  c o n t e n t  o f  S in  WC g r o w n  in 
soil  4 w as  u n a f f e c t e d  b y  t h e  lime a d d i t i o n  from l e v e l  1 to  l ev e l  2 a t  
e i t h e r  h a r v e s t  w h i l s t  t h e  a d d i t i o n  fr om  lev e l  2 to  3 l e d  to  i n c r e a s e d  
c o n t e n t  a t  t h e  f i r s t  a n d  d e c r e a s e d  c o n t e n t  a t  t h e  s e c o n d  h a r v e s t .
A l t h o u g h  t h e  s p r e a d  o f  S c o n t e n t s  f o u n d  in  t h e  h e r b a g e  was 
t h e  same a t  b o t h  h a r v e s t s  (0 .18%) most  v a l u e s  l a y  b e t w e e n  0.17  a n d  
0.25% a t  t h e  f i r s t  a n d  0.08  a n d  0.20% a t  t h e  s e c o n d ,  t h a t  is  t h e  S c o n t e n t  
of  t h e  h e r b a g e  d e c r e a s e d  d u r i n g  t h e  e x p e r i m e n t  ( a s  in  E x p e r i m e n t  1 ) .
T h e  d e c r e a s e  w as  s i g n i f i c a n t  in  all t r e a t m e n t s  e x c e p t  soi l 2 lime l e v e l s  
1 a n d  2 g r o w i n g  PRG .
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F i g u r e  3 .2 4 :  H e r b a g e  S c o n c e n t r a t i o n  (% DM) o f  PRG a n d  WC g ro w n
in soi ls  2, 4 a n d  8 to  w h i c h  lime h a d  b e e n  a d d e d .
Su lphur  -  Part  B
T h e  S c o n t e n t  o f  PRG e x h i b i t e d  t h e  same t r e n d s  w i th  time as  
in P a r t  A ,  i . e .  a  r e d u c e d  e f f e c t  o f  pH  a n d  a l o w e r  r a n g e  o f  c o n t e n t s ,  
a l t h o u g h  in  P a r t  B t h e  s p r e a d  w a s  w i d e r .  T h e  d a t a  f o r  t h e  se c o n d  
h a r v e s t  is  p r e s e n t e d  in  T a b l e  A 3 .  21; t h e  m e th o d  of  lime ap p l i ca t io n  
h a d  no s i g n i f i c a n t  e f f e c t  on  S% a t  t h e  s e c o n d  h a r v e s t  d e s p i t e  the  s i g n i f ­
ican t  e f f e c t  in  soil  2 : -  Lime S < Lime A.  . /..
At t h e  f i r s t  h a r v e s t  t h e r e  w a s  a n  e f f e c t  o f  lime a p p l i c a t io n  m e th o d  
b u t  t h i s  w as  c o n f u s e d  wi th  t h e  e f f e c t  o f  lime a d d i t i o n  a n d  t h e  fac t  t h a t  
soil pHs w e re  n o t  i d e n t i c a l  a t  t h e  d i f f e r e n t  l e v e l s  in t h e  Lime A a n d  
S p o t s .  In  soil  2 lime a p p l i c a t i o n  m e t h o d  S led to h i g h e r  S% in th e  h e r b a g e  
at  all l eve ls  a n d  w h i l s t  t h e  e f f e c t  w a s  p r o b a b l y  g e n u i n e  a t  level  1, i t  was
122.
p r o b a b l y  n o t  g e n u i n e  a t  l e v e l s  2 a n d  3 b e c a u s e  o f  t h e  pH d i f f e r e n c e s .  
L ik ew ise  in  soi l 8 t h e r e  was p r o b a b l y  n o  d i f f e r e n c e  b e t w e e n  t h e  two 
m e th o d s  of  a p p l i c a t i o n  o n c e  p H s  w e r e  c o n s i d e r e d  d e s p i t e  Lime S c a u s i n g  
s i g n i f i c a n t l y  h i g h e r  S% a t  l e v e l s  2 a n d  3 t h a n  Lime A ( p o s s i b l y  t h e  
e f f e c t  a t  l e v e l  3 was g e n u i n e ) . F o r  soi l  4 t h e  m e t h o d s  o f  ap p l i c a t i o n  
h a d  no  s i g n i f i c a n t  e f f e c t  on S% in  t h e  h e r b a g e  ( F i g u r e  3 . 2 5 ) .
First harvest - day 40
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F i g u r e  3 .2 5 :  H e r b a g e  S c o n c e n t r a t i o n  (% DM) o f  PRG g ro w n
f o r  40 d a y s  in  so i l s  2,  4 a n d  8 to  w h i c h  lime h a d  b e e n  
a p p l i e d  e i t h e r  to  al l t h e  soi l  o r  to  t h e  s u r f a c e  l a y e r  ( t o p  
30%) of  so i l .
O v e r a l l  ( L I  c o m p a r e d  to  L3)  t h e r e  was a s i g n i f i c a n t  i n c r e a s e  in 
h e r b a g e  S% w i th  lime a p p l i c a t i o n  in  all t r e a t m e n t s .  T h e  i n c r e a s e  was 
a l so  s i g n i f i c a n t  b e t w e e n  l e v e l s  1 a n d  2, a n d  2 a n d  3 in al l soi ls e x c e p t  
f o r  soil 2 a n d  4 a t  Lime A l e v e l s  1 to  2 a n d  soil  2 a t  Lime S l eve l s  1 to  2.
123.
Calcium -  Part  A
T h e  Ca% of  WC w as  a p p r o x i m a t e l y  3 t im es  t h a t  o f  PRG , mean 
1.64% c o m p a r e d  to  0.58%; t h e  s p e c i e s  d i f f e r e n c e  in  C a  c o n t e n t  is  n o r m a l ly  
f o u n d  to  b e  o f  t h i s  o r d e r  ( e . g .  W h i t e h e a d ,  1972) ( T a b l e  A 3 . 2 2 ) .
T h e  e f f e c t  o f  l ime a d d i t i o n  o n  t h e  h e r b a g e  Ca% v a r i e d  g r e a t l y  
w i th  soil  a n d  s p e c i e s  ( F i g u r e  3 . 2 6 ) .  T h e  Ca% of  b o t h  s p e c i e s  g r o w n  
in  soil  2 i n c r e a s e d  w i th  lime a d d i t i o n  b o t h  o v e r a l l  ( L I  to  L3) a n d  b e t w e e n  
l e v e l s  a t  t h e  f i r s t  h a r v e s t .  A t  t h e  s e c o n d  h a r v e s t  f o r  t h i s  soil  lime 
a p p l i c a t i o n  h a d  n o t  a f f e c t e d  t h e  Ca  c o n t e n t  of  PRG w h i l s t  fo r  WC t h e r e  
w a s  a n  i n c r e a s e  b e t w e e n  l e v e l  1 a n d  2 fo l lowed  b y  a  l a r g e r  d e c r e a s e  
b e t w e e n  l e v e l s  2 a n d  3 l e a d i n g  t o  a n  o v e r a l l  d e c r e a s e .  F o r  h e r b a g e  
g r o w n  on  soi l 4 t h e  a d d i t i o n  o f  lime p r o d u c e d  d e c r e a s e d  C a  c o n t e n t s  
in  WC , a n d  n o  s i g n i f i c a n t  e f f e c t  in  PRG . WC g r o w n  in  soi l  8 h a d  i n ­
c r e a s e d  Ca  c o n t e n t  w i th  lime a d d i t i o n ,  b o t h  o v e r a l l  a n d  b e t w e e n  l e v e l s  
( e x c e p t  L2 t o  L3 a t  t h e  f i r s t  h a r v e s t )  w h i l s t  PRG h a d  d e c r e a s e d  c o n t e n t s  
a t  t h e  f i r s t  h a r v e s t  ( t h e  d e c r e a s e  o c c u r r e d  b e t w e e n  L I  a n d  L2) a n d  
a t  t h e  s e c o n d  h a r v e s t  ( b e t w e e n  L2 a n d  L 3 ) .
When t h e  tw o  s p e c i e s  w e r e  s t a t i s t i c a l l y  a n a l y s e d  t o g e t h e r  lime 
a d d i t i o n  h a d  a  v e r y  h i g h l y  s i g n i f i c a n t  e f f e c t  a t  b o t h  h a r v e s t s .  B u t  
w h e n  t h e  tw o  s p e c i e s  w e r e  a n a l y s e d  s e p a r a t e l y  ( b e c a u s e  of  t h e  v e r y  
d i f f e r e n t  c o n t e n t s  a n d  h e n c e  u n e q u a l  v a r i a n c e s  b e t w e e n  t h e  s p e c i e s )  
lime a d d i t i o n  w a s  f o u n d  to  h a v e  n o  e f f e c t  on  t h e  Ca  c o n t e n t  of  PRG a t  
e i t h e r  h a r v e s t  b u t  f o r  WC t h e r e  w e r e  s t i l l  e f f e c t s  -  h i g h l y  s i g n i f i c a n t  
a t  t h e  f i r s t  a n d  v e r y  h i g h l y  s i g n i f i c a n t  a t  t h e  s e c o n d  h a r v e s t .
T h e  C a  c o n c e n t r a t i o n  of  b o t h  WC a n d  PRG a l t e r e d  d u r i n g  t h e  
c o u r s e  of  t h e  e x p e r i m e n t  b u t  t h e r e  w a s  n o  c o n s i s t e n t  p a t t e r n  ( T a b l e  
A3 .  22) .
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F i g u r e  3 .2 6 :  H e r b a g e  Ca c o n c e n t r a t i o n  (% DM) of  PRG a n d  WC g r o w n
in  so i l s  2, 4 a n d  8 to  w h ic h  lime h a d  b e e n  a d d e d .
T h e  l a c k  o f  e f f e c t  o f  l ime a p p l i c a t i o n  on t h e  Ca  c o n c e n t r a t i o n  
of PRG , in  c o n t r a s t  to  t h e  a p p a r e n t l y  log ica l  e f f e c t  in  WC of i n c r e a s i n g  
r a t e s  of l ime a p p l i c a t i o n  l e a d i n g  to  i n c r e a s e d  C a  c o n c e n t r a t i o n s ,  c o u ld  
b e  b e c a u s e  o f  t h e  l o w e r  Ca  n e e d  o f  t h e  m onoco t  PRG t h a n  t h e  d i c o t  WC. 
T h a t  i s ,  w h e r e a s  PRG is  s u p p l i e d  w i th  s u f f i c i e n t  Ca  a t  t h e  lowes t  lime 
leve l  a n d  d o e s  n o t  e x h b i i t  l u x u r y  u p t a k e ,  WC, w i th  a g r e a t e r  Ca r e q u i r e ­
m e n t ,  e i t h e r  c a n n o t  a t t a i n  s u f f i c i e n t  Ca  a t  a n y  lime l e v e l  o r  e x h i b i t s  
l u x u r y  u p t a k e  o f  C a .  T h i s  h y p o t h e s i s  i s  b a c k e d  u p  b y  t h e  f ac t  t h a t  
p l a n t  Ca c o n t e n t  i s  c o n t r o l l e d  more  b y  g e n e t i c  f a c t o r s  t h a n  t h e  soil 
s u p p l y  (M e n g e l  a n d  K i r k b y ,  1982) .  T h e  h i g h e r  C a 2+ r e q u i r e m e n t  of 
d i c o t y l e d o n s  ( s u c h  a s  WC) c o m p a r e d  w i th  m o n o c o t y l e d o n s  ( s u c h  as  
PRG) is b e l i e v e d  to  b e  b e c a u s e  d i c o t s  h a v e  a h i g h e r  CEC b o t h  in t h e i r  
r o o t s  a n d  e l s e w h e r e  ( C r o o k e  a n d  K n i g h t ,  1971) -  h e n c e  it  would h a v e  
b e e n  i n t e r e s t i n g  to  h a v e  a n a l y s e d  t h e  p l a n t  r o o t s  b o t h  f o r  CEC a n d  
fo r  Ca% to  s e e  i f  t h e r e  was a s p e c i e s  d i f f e r e n c e .
125.
Calcium  -  Part  B
T h e  Ca% w as  g r e a t e s t  in  p l a n t s  g r o w n  in Lime A p o t s  t h a n  Lime 
S p o t s  a t  all l ime l e v e l s  a n d  in  al l t h r e e  soi ls  ( t h e  d i f f e r e n c e  was  n o t  
s i g n i f i c a n t  f o r  soi l  2 lime l e v e l  1) a n d  was l a r g e s t  a t  lime l ev e l  3 ( F i g u r e  
3 . 2 7 ) .
First harvest - day 40
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F i g u r e  3 .2 7 :  H e r b a g e  Ca  c o n c e n t r a t i o n  (% DM) o f  PRG g r o w n  fo r  40
d a y s  in  so i l s  2,  4 a n d  8 to  w h ich  lime h a d  b e e n  a p p l i e d  
e i t h e r  to  all t h e  soi l  o r  to  t h e  s u r f a c e  l a y e r  ( t o p  30%) 
o f  so i l .
T h e  e f f e c t  o f  l ime a d d i t i o n  w a s  more  c o n s i s t e n t  t h a n  in P a r t  A .  
PRG g r o w n  in  Lirrre S p o t s  a l w a y s  h a d  d e c r e a s e d  o v e r a l l  C a  c o n t e n t  
with  lime a d d i t i o n  ( L I  c o m p a r e d  to  L 3 ) , b u t  fo r  so i l s  2 a n d  8 a t  b o t h  
h a r v e s t s  t h e r e  w a s  n o  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  l e v e l s  1 a n d  2. 
L o w e re d  o v e r a l l  h e r b a g e  Ca  c o n t e n t  was a l so  o b s e r v e d  w i th  Lime A 
fo r  soil 4 a t  t h e  f i r s t  h a r v e s t  a n d  soi l  8 a t  b o t h  h a r v e s t s .  T h e r e  was
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n o  s i g n i f i c a n t  o v e r a l l  e f f e c t  o f  l ime on  h e r b a g e  g r o w n  in  soi ls  2 a n d  
4 w i th  Lime A a t  t h e  s e c o n d  h a r v e s t  d e s p i t e  a n  i n c r e a s e  in soil 2 b e t w e e n  
lime l e v e l s  1 a n d  2.  F o r  h e r b a g e  a t  t h e  f i r s t  h a r v e s t  g r o w n  in soil  2 
wi th  Lime A t h e r e  w a s  a  s i g n i f i c a n t  i n c r e a s e  in  c o n c e n t r a t i o n  w h ic h  
all o c c u r r e d  b e t w e e n  lime l e v e l s  1 a n d  2.
T h e  c o n t e n t  o f  Ca  in  t h e  h e r b a g e  was  h i g h e r  a t  t h e  s e c o n d  h a r v e s t  
t h a n  t h e  f i r s t  f o r  a ll  l ime l e v e l s  w i t h  b o t h  m e t h o d s  of  a p p l i c a t i o n  on 
soi ls  4 a n d  8 ( t h e  d i f f e r e n c e  w a s  n o t  s i g n i f i c a n t  f o r  soi l 4 Lime S l ev e l  
3) a n d  lo w e r  f o r  al l  l ime l e v e l s  w i th  b o t h  m e t h o d s  o f  a p p l i c a t i o n  in  soil  
2 ( t h e  d i f f e r e n c e  a t  Lime A l e v e l  1 w a s  n o t  s i g n i f i c a n t ) .
A l t h o u g h  lime a p p l i c a t i o n  d i d  n o t  a f f e c t  t h e  Ca% o f  PRG w h e n  
t h e  lime w as  a p p l i e d  t h r o u g h o u t  t h e  soi l ( a s  a l so  o b s e r v e d  in P a r t  A)  
w h e n  t h e  lime w a s  s u r f a c e  a p p l i e d  ( t o p  30% of  soi l )  i n c r e a s i n g  t h e  a m o u n t  
of  lime a p p l i e d  l e d  to  d e c r e a s e d  p l a n t  Ca  c o n t e n t s .  C a 2+ a b s o r p t i o n  c a n  
o n ly  o c c u r  a t  y o u n g  r o o t  t i p s  ( R o b a r d s  et at. , 1973) so two  p o s s i b i l i t i e s  
a r i s e  a s  to  w h y  s u r f a c e  a p p l i e d  lime g a v e  r i s e  to  lo w er  p l a n t  Ca% t h a n  
lime a p p l i e d  t h r o u g h o u t  t h e  so i l ;  e i t h e r  w h e n  t h e  lime w as  c o n c e n t r a t e d ,  
a s  in t h e  Lime S p o t s ,  t h e  y o u n g  r o o t  t i p s  w e r e  d a m a g e d  so r e d u c i n g  
C a 2+ u p t a k e ;  o r ,  t h a t  s i n c e  t h e  C a 2+ i o n s  w e r e  c o n c e n t r a t e d  in  t h e  
s u r f a c e  l a y e r s  o n c e  t h e  r o o t s  h a d  g r o w n  be low t h i s  l a y e r  l e s s  Ca c o u ld  
b e  t a k e n  u p .  T h i s  l a t t e r  p o s s i b i l i t y  would  seem to  b e  f a v o u r e d  s in ce  
t h e  e f f e c t  w a s  m ore  p r o n o u n c e d  a t  t h e  s e c o n d  h a r v e s t  w h e n  t h e  r o o t s  
w e re  n o  l o n g e r  c o n f i n e d  to  t h e  h i g h l y  l imed to p  l a y e r  o f  soi l;  h o w e v e r ,  
s i n c e  a t  b o t h  h a r v e s t s  t h e  e f f e c t  w a s  more  m a r k e d  b e t w e e n  lime l e v e l s  
2 a n d  3 t h a n  l e v e l s  1 a n d  2 t h e  f o r m e r  p o s s i b i l i t y  c o u ld  b e  t h e  p r e d o m i n ­
a n t  c a u s e .
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2 .3  E x p e r i m e n t  3: A n  inve st igat ion  into the effect o f  n itrogen  fertilizer
on the content  o f  copper, m olybdenum  and  su lp h u r  
in perenn ia l  r y e g r a s s  grow n  in soils 2 and  8.
T h e  b a s i c  e x p e r i m e n t a l  d e s i g n  w as :
2 so i l s  ( 2 ,  8) x  3 N - l e v e l s  ( 0 ,  40, 80 k g  N h a - 1 ) x  3 fo rm s  
o f  N ( N H ^ - N ,  N 0 3_- N ,  u r e a )  x  4 r e p l i c a t e s  g r o w i n g  PRG f o r  
42 d a y s  w h e n  a  d e s t r u c t i v e  h a r v e s t  w as  t a k e n  (Ful l  d e t a i l s  
a r e  g i v e n  in  C h a p t e r  I I ,  S e c t i o n  4 . 1 . )
W here  t h e  d a t a  i s  p r e s e n t e d  g r a p h i c a l l y ,  p l o t s  o f  t h e  m e a s u r e d  
v a r i a b l e  a g a i n s t  t h e  a m o u n t  o f  n i t r o g e n  a p p l i e d  ( a s  k g  N h a - 1 ) a r e  
g i v e n .  T h e  d a t a  f o r  t h e  u r e a  t r e a t m e n t s  a r e  n o t  p r e s e n t e d  in  t h e  main 
t e x t  b e c a u s e  t h e  r e s u l t s  fo l low ed  t h e  same p a t t e r n  a s  t h o s e  f o r  NH4+- N , 
p r e s u m a b l y  s i n c e  o n c e  a d d e d  t o  t h e  soi l t h e  u r e a  w as  v e r y  r a p i d l y  
h y d r o l y s e d  to  N H ^ - N  v i a  t h e  e n z y m e  u r e a s e  (M ohammed e t a ! . ,  1984) .  
T h e  t r e a t m e n t  m e a n s  f o r  u r e a ,  t o g e t h e r  with  t h o s e  f o r  t h e  N H ^ - N  a n d  
N 0 3_-N t r e a t m e n t s  a r e  g i v e n  in  A p p e n d i x  3 . 3 .
(a) Soil a n a ly s is  
pH
A t  t h e  s t a r t  o f  t h e  e x p e r i m e n t  all t r e a t m e n t s  h a d  a  soi l pH of  
5 .5  ( a s  i n t e n d e d ) ,  e x c e p t  soil  2 w i th  N H ^ - N  a t  80 k g  N h a -1 w h e r e  
t h e  pH w as  5 .7  ( T a b l e  3 . 5 ) .
A t  t h e  c o n c l u s i o n  o f  t h e  e x p e r i m e n t  t h e  pH of  all t r e a t m e n t s  h a d  
d e c r e a s e d  b y  a t  l e a s t  h a l f  a pH u n i t ,  s u c h  a  d e c r e a s e  w a s  a l so  o b s e r v e d  
d u r i n g  E x p e r i m e n t  2 b u t  n o t  E x p e r i m e n t  1. T h e  pH f o r  all soil  2 t r e a t ­
m e n t s  w as  now  5 . 0 ,  e x c e p t  f o r  NHi,+-N a t  80 k g  N h a -1 w h ic h  h a d  a 
pH of  4 . 9 ,  i . e .  a d e c r e a s e  o f  0 .8  u n i t s .  T h e  p H s  of  t h e  N 0 3~-N p o t s  
in soil 8 w e r e  a l so  5 . 0 ,  w h i l s t  t h o s e  of  t h e  c o n t r o l  ( n o  N) a n d  NHi,+-N 
p o t s  w e re  4 . 9 .
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T a b le  3 .5 :  pH f o r  so i l s  2 a n d  8 b e f o r e  a n d  a f t e r  42 d a y s  g r o w t h  of
PRG w i th  a n d  w i t h o u t  a d d i t i o n a l  N ,  a p p l i e d  as  NHi,+-N 
a n d  NC>3~-N .
Soil S a m p l i n gd a y
pH






2 0 5 .5 5 .5  5 .5 5.6 5.5
42 5 .0 5 .0  5 .0 5 .0 4 .9
8 0 5 .5 5 .5  5 .4 5 .5 5 . 5 "
42 4 . 9 5 .0  5 .0 4 .9 4 .9
s . e . :  d a y  0 n o  n i t r o g e n  = 0 . 0 4 ,  p l u s  n i t r o g e n  = 0 .05
d a y  42 n o  n i t r o g e n  = 0 . 0 8 ,  p l u s  n i t r o g e n  = 0.02
^ 4 0 ,  80: k g  N h a -1 a p p l i e d .
T h e  d e c l i n e  o f  soi l  pH w i t h  t ime in  g l a s s h o u s e  p o t s  e x p e r i m e n t s  
h a s  b e e n  d i s c u s s e d  on  p a g e  109,  h o w e v e r ,  i t  w ou ld  b e  e x p e c t e d  t h a t  
t h e  form of  N - f e r t i l i z e r  a p p l i e d  w o u ld  m od i fy  t h i s .  N O s ~-N a p p l i c a t i o n  
wou ld  b e  e x p e c t e d  to  r a i s e  soi l  pH d u r i n g  t h e  c o u r s e  o f  a n  e x p e r i m e n t ,
b o t h  b e c a u s e  o f  d e n i t r i f i c a t i o n  a n d  p l a n t  e x c r e t i o n  o f  H C 0 3_ i o n s  w h e n
N 0 3_ io n s  a r e  t a k e n  u p  ( a s  o b s e r v e d  b y  J a r v i s  a n d  R o b s o n ,  1983) ,  
b u t  a  d e c r e a s e  in  soi l  pH w a s  n o t e d .  D e c r e a s e s  o f  s im i la r  s ize  w e r e  
a l so  n o t e d  w h e n  n o  n i t r o g e n  o r  NHi++-N  w as  a p p l i e d ,  so  t h e r e  was no  
e v i d e n c e  of  NH4+ a c i d i f y i n g  t h e  soi l  more  t h a n  N 0 3 o r  n o  N . T h e  
p o s s i b i l i t y  t h a t  t h e r e  w e r e  d i f f e r e n c e s  in  soil  pH h a d  t h e  r h i z o s p h e r e  soil  
r a t h e r  t h a n  b u l k  soi l b e e n  a n a l y s e d ,  m u s t  n o t  b e  d i s m i s s e d .
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(b )  Herbage  a n a ly s is  
D r y  matter p roduct ion
In b o t h  so i l s  DM p r o d u c t i o n  i n c r e a s e d  w i th  N a p p l i c a t i o n ,  N 0 3~-N 
g a v e  s l i g h t l y  g r e a t e r  p r o d u c t i o n  t h a n  NHi*+- N .  T h e  am o u n t  of  p r o d u c ­
t ion  was g r e a t e r  in  soi l 8 t h a n  soi l  2 a t  all N - l e v e l s  b u t  p a r t i c u l a r l y  in 
t h e  c o n t r o l  p o t s  ( n o  N a p p l i e d )  w h e r e  t h e  p r o d u c t i o n  in  soil 8 was f o u r  
t imes t h a t  in  soi l 2 ( F i g u r e  3 .2 8  a n d  T a b l e  A3 .  24 ) .
F i g u r e  3 .28 :  H e r b a g e  DM p r o d u c t i o n  ( g  p o t - 1 ) o f  PRG g ro w n  fo r
42 d a y s  in  so i l s  2 a n d  8 w i th  a n d  w i t h o u t  a d d i t io n a l  N , 
a p p l i e d  a s  NH4+-N  o r  N 0 3~ - N .
Copper
PRG g r o w i n g  in  soi l 2 h a d  C u  c o n c e n t r a t i o n s  t h r e e  t imes g r e a t e r  
t h a n  t h o s e  of  PRG g r o w i n g  in  soi l  8 -  s imila r  r e s u l t s  w e r e  f o u n d  in 
b o t h  p r e v i o u s  e x p e r i m e n t s .  T h e  a d d i t i o n  of  N h a d  n o  e f f e c t  on p l a n t
130.
Cu  c o n c e n t r a t i o n  in  a n y  t r e a t m e n t ,  e x c e p t  f o r  soi l 2 w ith  N 0 3” -N a t  
40 k g  N h a -1 w h e r e  a  small  d e c r e a s e  in h e r b a g e  Cu c o n c e n t r a t i o n s  was 













Nitrogen applied (kg ha-1)
F i g u r e  3 .29 :  H e r b a g e  C u  c o n c e n t r a t i o n  (m g  k g  1 DM) o f  PRG g r o w n
f o r  42 d a y s  in  so i l s  2 a n d  8 with  a n d  w i t h o u t  a d d i t i o n a l  
N ,  a p p l i e d  a s  NH 4+-N  o r  N 0 3" - N .
Molybdenum
T h e  a d d i t i o n  o f  N h a d  n o  e f f e c t  on t h e  c o n c e n t r a t i o n  of Mo in 
PRG g r o w i n g  in  soi l 8 b u t  l e d  to  a  50% d e c r e a s e  in  Mo c o n t e n t  of  PRG 
g r o w in g  in soi l 2 ( F i g u r e  3 .30  a n d  T a b l e  A 3 . 2 6 ) .
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F i g u r e  3 .30 :  H e r b a g e  Mo c o n c e n t r a t i o n  ( m g  k g -1 DM) o f  PRG g r o w n
f o r  42 d a y s  in  so i l s  2 a n d  8 w i th  a n d  w i t h o u t  a d d i t i o n a l  
N ,  a p p l i e d  a s  NH4+-N  o r  N 0 3“ - N .
Su lp h u r
T h e r e  w e r e  l a r g e  b e t w e e n - s o i l  d i f f e r e n c e s  in  t h e  S c o n t e n t  of 
PRG , p l a n t s  g r o w n  in soil  2 c o n t a i n e d  tw o  to  t h r e e  t im e s  a s  much S 
as  p l a n t s  g r o w n  in soil  8 -  t h i s  w a s  a l s o  f o u n d  in  o t h e r  e x p e r i m e n t s .
T h e  a p p l i c a t i o n  o f  N H ^ - N  to  soi l  8 h a d  n o  e f f e c t  on  t h e  PRG S c o n c e n ­
t r a t i o n  w h e r e a s  t h e  a p p l i c a t i o n  o f  N 0 3~-N l e d  to  a smal l  d e c r e a s e  -  
all t h e  s i g n i f i c a n t  d e c r e a s e  o c c u r r e d  w i th  t h e  f i r s t  l e v e l  o f  N a p p l i c a t i o n .  
T h e  a p p l i c a t i o n  of  N to  soil  2 c a u s e d  l a r g e  d e c r e a s e s  in PRG S c o n t e n t ;  
fo r  N 0 3~-N b o t h  N a d d i t i o n s  c a u s e d  d e c r e a s e s ,  w h i l s t  f o r  N H ^ - N  all
132.
th e  s i g n i f i c a n t  d e c r e a s e  o c c u r r e d  w i th  t h e  f i r s t  l ev e l  o f  ap p l i c a t io n
( F i g u r e  3 .31  a n d  T a b l e  A3 .  27 ) .
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F i g u r e  3 .3 1 :  H e r b a g e  S c o n c e n t r a t i o n  (% DM) of  PRG g r o w n  fo r  42
d a y s  in so i ls  2 a n d  8 w i t h  a n d  w i t h o u t  a d d i t i o n a l  N , 
a p p l i e d  a s  NH>*+-N o r  N 0 3_- N .
Nitrogen
T h e  c o n c e n t r a t i o n  of N w a s  h i g h e r  in  PRG g r o w n  in  soil 8 t h a n  
soil  2. T h e  a d d i t i o n  o f  N i n c r e a s e d  t h e  N c o n t e n t  of  t h e  PRG: fo r
soil 2 the  i n c r e a s e  o n ly  o c c u r r e d  w i th  t h e  s e c o n d  N a d d i t i o n  (40 to 80
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k g  h a - 1 ) ,  w h i l s t  f o r  soil  8 t h e  i n c r e a s e  o c c u r r e d  w i th  b o t h  N a d d i t i o n s  
a n d  v a r i e d  w i th  N - f o r m  - t h e  a d d i t i o n  o f  N H 1/ - N  c a u s e d  a g r e a t e r  
i n c r e a s e  in  p l a n t  N p e r  c e n t  t h a n  t h e  a d d i t i o n  of  N 0 3 - -N ( F i g u r e  3 .32 
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F i g u r e  3 .3 2 :  F l e r b a g e  N c o n c e n t r a t i o n  (% DM) o f  PRG g r o w n  fo r  42
d a y s  in soi ls  2 a n d  8 w i th  a n d  w i t h o u t  a d d i t i o n a l  N , 
a p p l i e d  a s  NFU+-N o r  N 0 3- - N .
T h e  g r e a t e r  i n c r e a s e  in  PRG N c o n c e n t r a t i o n  f o r  p l a n t s  g ro w n  
in soil 8 r a t h e r  t h a n  soil  2 is  c o n s i s t e n t  wi th  t h e  s m a l l e r  r e s p o n s e  of 
p l a n t  DM p r o d u c t i o n  in soil 8 ( F i g u r e  3 .28)  a n d  t h e  l o w e r  ini t ia l  N
134.
c o n t e n t  of  soi l  2 ( T a b l e  3 . 2 ) .  T h a t  i s ,  soil  2 c o u ld  n a t u r a l l y  s u p p l y  
on ly  j u s t  e n o u g h  N t o  meet  t h e  r e q u i r e m e n t s  of  PRG , so  a t  40 k g  N 
h a -1 p l a n t s  h a d  s im i la r  N c o n c e n t r a t i o n s  to  w h e n  n o  N w as  a p p l i e d  s in c e  
t h e  e x t r a  DM p r o d u c t i o n  m a t c h e d  t h e  a d d i t i o n a l  N s u p p l y .  F o r  p l a n t s  
g r o w i n g  in  soi l  8 N s u p p l y  w a s  a l w a y s  a d e q u a t e  so  " l u x u r y ” u p t a k e  
( u p t a k e  o f  more  o f  a n u t r i e n t  t h a n  i s  n e c e s s a r y  to  s u p p l y  a  p l a n t ' s  
r e q u i r e m e n t )  o c c u r r e d  a t  b o t h  N a p p l i c a t i o n  r a t e s  w h e r e a s  f o r  soil 
2 t h i s  o n ly  o c c u r r e d  w i th  80 k g  N h a - 1 .
T h e  " l u x u r y ” u p t a k e  o f  N o b s e r v e d  in  soi l 8 d i d  n o t  seem to  
i n t e r a c t  w i th  t h e  t r a c e - e l e m e n t  c o n c e n t r a t i o n s  in  PRG a s  soil  8 e x h i b i t e d  
l e s s  r e s p o n s e  t o  N f e r t i l i z a t i o n  w i t h  r e g a r d  to  PRG c o n c e n t r a t i o n s  of 
C u ,  Mo a n d  S t h a n  soi l 2 ( s e e  C h a p t e r  IV ,  S e c t io n  4 . 2 ) .
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2 .4  E x p e r i m e n t  4: A n  in vest igat ion  into the effects o f  liming and
p h o sp h o ru s  fertilization on the content of co p p e r , 
m olybdenum  a n d  su lp h u r  in perenn ia l  r y e g ra s s  
and  white c lo ve r  grow n in soils 2 a n d  8.
T h e  b a s i c  e x p e r i m e n t a l  d e s i g n  w as :
2 soi ls  ( 2 ,  8) x  2 pH ( l ime l e v e l s  1, 2 -  L I ,  L2) x  3 P - l e v e l s
( 1 ,  2, 3 -  P I ,  P2 ,  P3 )  x  2 s p e c i e s  ( P R G ,  WC) x  4 r e p l i c a t e s ;
w i th  2 s e q u e n t i a l  h a r v e s t s  on d a y s  36 ( T l )  a n d  52 ( T 2 ) .
( F u l l  d e t a i l s  a r e  g i v e n  in  C h a p t e r  I I ,  S e c t io n  4 . 1 . )
T h e  r e s u l t s  a r e  p r e s e n t e d  m a in ly  a s  p l o t s  o f  t h e  v a r i a b l e  a g a i n s t  
t h e  a m o u n t  o f  P a p p l i e d  a s  k g  P h a - 1 , e x c e p t  f o r  pH w h i c h  is p l o t t e d  
a g a i n s t  t im e .  A l t h o u g h  t h e  r e s u l t s  o f  b o t h  t h e  in i t i a l  a n d . f i n a l  soil 
a n a l y s e s  a r e  g i v e n  in  A p p e n d i x  3 . 4 ,  i t  i s  t h e  f ina l  soi l a n a l y s e s  w h ich  
a r e  c o n s i d e r e d  in t h e  fo l low ing  s e c t i o n s  u n l e s s  t h e  tw o  s e t s  of a n a l y s e s  
w e r e  v e r y  d i f f e r e n t .  F o r  t h e  h e r b a g e  r e s u l t s  o n l y  t h o s e  f o r  t h e  f i r s t  
h a r v e s t  a r e  c o n s i d e r e d  in t h e  main  b o d y  o f  t h e  t e x t ,  a s  g e n e r a l l y  t h e r e  
was  l i t t l e  d i f f e r e n c e  b e t w e e n  t h e  r e s u l t s  of  t h e  tw o  h a r v e s t s .  A lso ,  
soil  pH w a s  u n a f f e c t e d  b y  P - l e v e l  a t  t h e  f i r s t  h a r v e s t  so  i t  i s t h e r e f o r e  
v a l i d  to  p l o t  t h e  r e s u l t s  a g a i n s t  P - a p p l i e d  b u t  a t  t h e  s e c o n d  h a r v e s t  
soil  pH w as  s i g n i f i c a n t l y  a f f e c t e d  b y  P - l e v e l  so  s u c h  a n  a p p r o a c h  is  
n o t  v a l i d .  Major  d i f f e r e n c e s  b e t w e e n  t h e  two h a r v e s t s  a r e  m e n t io n e d  
b r i e f l y  a n d  t h e  r e s u l t s  f o r  t h e  s e c o n d  h a r v e s t  a r e  p r e s e n t e d  in A p p e n d i x  
3 . 4 .
T h e r e  w e r e  tw o  lime a d d i t i o n s  m ade  in  t h i s  e x p e r i m e n t ,  t h a t  to  
r a i s e  t h e  n a t u r a l  pH (c .  3 . 5 )  t o e .  5 . 0  (l ime l e v e l  1) a n d  t h a t  to r a i s e  t h e  
pH to  c .  6 . 5  ( l ime l e v e l  2 ) .  S in c e  i t  was k n o w n  t h a t  p r o d u c t i o n  of  PRG 
w ould  b e  v e r y  p o o r  a t  n a t u r a l  pH ( s e e  E x p e r i m e n t  1) a n d  s t r o n g l y  
s u s p e c t e d  t h a t  VVC g r o w t h  w ou ld  a l s o  b e  v e r y  p o o r  b e c a u s e  of  an  in a b i l i t y  
to  n o d u l a t e  p r o p e r l y  ( M u n n s ,  1978) ,  u n l im e d  soil  w as  n o t  u s e d  in t h e
136.
e x p e r i m e n t ,  t h e r e f o r e  l iming  c o m p a r i s o n s  a r e  b e t w e e n  tw o  l imed s o i l s ,  
n o t  t h e  e f f e c t  o f  l im ing  per  s e .
(a) Soil a n a ly se s  
pH
T h e  a p p l i c a t i o n  of  t h e  c a l c u l a t e d  q u a n t i t i e s  of  l ime to  t h e  two 
soi ls  s u c c e s s f u l l y  g a v e  in i t i a l  soi l  p H s  o f  4 . 9 -  5 .0  a n d  6 . 5  (l ime l e v e l s  
1 a n d  2 r e s p e c t i v e l y ) . Soil 8 h a d  h i g h e r  p H s  t h a n  soi l  2 a t  all t h r e e  
s a m p l i n g  t i m e s ,  b u t  t h e  d i f f e r e n c e  w a s  v e r y  small  ( g e n e r a l l y  5 0 . 1  u n i t )  
( T a b l e  3 .6 )
T a b l e  3 . 6 :  pH f o r  so i l s  2 a n d  8 in  w h ic h  PRG o r  WC w e r e  g r o w n  a t  
tw o  lime l e v e l s  a n d  t h r e e  P - l e v e l s .
Soil Limele v e l









2 1 0 4 .9 4 . 9 ' " 4 .8 4 .9 4 .9 4 .9
1 4 .7 4 .6 4 .6 4 .6 4.6 4 .6
2 4 . 5 ‘• 4 .5 4 .4 4 .5 4 .5 4 .5
2 0 6 .4 6 .6 6 .5 6 .5 6 .5 6 .5
1 6 .0 5.8 6 .0 6 .0 6.0 5 .9
2 5 .7 5.8 5 .8 5 .9 5.9 5 .9
8 1 0 4 .9 5.0 5 .0 4 .9 5.0 5.0
1 4 .8 4 .8 4 . 6 “ 4 .6 4.6 4.6
2 4 .6 4 .6 4 .5 4 .5 4 .5 4 .5
2 0 6 .4 6 .5 ' • 6 . 5 “ 6 .5 6.6 6 .5
1 6 .2 6 .3 ' • 6 . 2 5 .9 5 . 9 “ 5 .9
2 6 .0 6 .0 5 . 8 - 5.8 5.8 5.8
s . e . : d a y  0 = 0 .0 4 ;  H a r v e s t 1 = 0. 04; H a r v e s t 2 = 0.02
+ 0, 1, 2: d a y  0,  s t a r t  of  e x p e r i m e n t ,  a n d  d a y s  36 a n d  52, f i r s t
a n d  s e c o n d  h a r v e s t s .
2 P I ,  P 2 ,  P 3 : p h o s p h o r u s  l e v e l s  1, 2 a n d  3 e q u i v a l e n t  to 24, 48
a n d  96 k g  P h a - 1 .
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T h e  p l a n t  s p e c i e s  g r o w i n g  in  t h e  soil d id  n o t  a f f e c t  soil  pH e x c e p t  
a t  t h e  f i r s t  h a r v e s t  w h e r e  t h e  p H s  o f  soil 8 in w h ic h  WC h a d  b e e n  g r o w n  
w e r e  h i g h e r  t h a n  t h o s e  w h e r e  PRG h a d  b e e n  g r o w n  b y  0 . 2  u n i t s .  T h i s  
c o n t r a s t s  w i th  t h e  r e s u l t s  o f  E x p e r i m e n t  2A.
T h e  a p p l i c a t i o n  of  P f e r t i l i z e r  h a d  n o  s i g n i f i c a n t  main e f f e c t  on 
soi l pH a t  t h e  f i r s t  h a r v e s t ,  a l t h o u g h  i t  h a d  a v e r y  h i g h l y  s i g n i f i c a n t  
b u t  i n c o n s i s t e n t  e f f e c t  a t  t h e  s t a r t  a n d  c o n c l u s i o n  o f  t h e  e x p e r i m e n t .  
H o w e v e r ,  d e s p i t e  b e i n g  s i g n i f i c a n t  t h e  e f f e c t s  w e r e  smal l ( s e e  T a b le  
3 .6 )  SO. 3 u n i t s  a n d  will h a v e  h a d  a n  i n s i g n i f i c a n t  e f f e c t  c o m p a r e d  to  
t h e  d i f f e r e n c e  b e t w e e n  t h e  tw o  lime l e v e l s .
T h e  soi l  pH o f  a l l  t r e a t m e n t s  d e c r e a s e d  o v e r  t h e  c o u r s e  of  t h e  
e x p e r i m e n t  b y  0 . 3 - 0 . 8  u n i t s  w i th  t h e  m a g n i t u d e  o f  t h e  d e c r e a s e  b e i n g  
g r e a t e r  t h e  h i g h e r  t h e  i n i t i a l  pH a n d  c o n t i n u e d  t h r o u g h o u t  t h e  e x p e r i ­
m e n t  f o r  so i l s  in  w h ic h  WC w a s  g r o w n ,  w h i l s t  f o r  so i l s  in  w h ic h  PRG 
w a s  g r o w n  m o s t  o f  t h e  d e c r e a s e  h a d  o c c u r r e d  b y  t h e  f i r s t  h a r v e s t .
T h e s e  o b s e r v a t i o n s  w e r e  c o n s i s t e n t  w i th  t h o s e  o f  E x p e r i m e n t s  2 a n d  3, 
b u t  u n l i k e  E x p e r i m e n t  2 t h e  d e c r e a s e s  w e r e  g e n e r a l l y  s l i g h t l y  g r e a t e r  
in  soi l 8 t h a n  soi l  2.
Extractab le  coppe r
T h e  c o n c e n t r a t i o n s  o f  e x t r a c t a b l e  soil  C u  w e r e  6 - 1 0  t im es  low er  
in soil  8 t h a n  soi l  2, soi l m e a n s  o f  0 . 5  a n d  4 .7  mg Cu  k g -1 r e s p e c t i v e l y  
a t  t h e  f in a l  h a r v e s t .  T h e  a m o u n t  o f  e x t r a c t a b l e  soi l C u  w as  g r e a t e r  
f o r  soil  2 f o r  p o t s  in w h ic h  PRG h a d  b e e n  g r o w n  t h a n  f o r  p o t s  in  w hich  
WC h a d  b e e n  g r o w n  ( e x c e p t  f o r  L I  a t  P2 a n d  L2 a t  P3 w h e r e  t h e r e  
was  no  d i f f e r e n c e ) . A s p e c i e s  main  e f f e c t  was  a l so  p r e s e n t  in soil  8 
b u t  to  a l e s s e r  e x t e n t  ( p  < 0 .0 5 )  a n d  p o t s  in w h ic h  PRG h a d  b e e n  g r o w n  
c o n t a i n e d  more  e x t r a c t a b l e  soil  C u  f o r  o n ly  two t r e a t m e n t s  ( L I  a t  P I  
a n d  P 2 ) , a ll  o t h e r  t r e a t m e n t s  s h o w e d  n o  s p e c i e s  e f f e c t .
138.
All t r e a t m e n t s  in  soil  2 h a d  g r e a t e r  e x t r a c t a b l e  soi l  Cu c o n t e n t s  
wi th  i n c r e a s e d  l ime a d d i t i o n  ( p  <0 .001)  b u t  fo r  soi l 8 t h e  e f f e c t  was 
l e s s  s i g n i f i c a n t  ( p  <0.05)  ( F i g u r e  3 . 3 3 ) ,  a n d  o n ly  o c c u r r e d  fo r  p o t s  
g r o w i n g  WC a t  P - l e v e l s  2 a n d  3. S imi la r  r e s u l t s  w e r e  o b s e r v e d  in E x p e r i ­
m en t  I B .  P f e r t i l i z a t i o n  h a d  n o  e f f e c t  on  t h e  C u  c o n t e n t  of  soil 2 b u t  
h a d  a h i g h l y  s i g n i f i c a n t  e f f e c t  ( p  <0 .01)  f o r  soi l 8 w i th  o v e ra l l  d e c r e a s e s  
( P I  cf. P3)  b e i n g  o b s e r v e d  in  a l l  t r e a t m e n t s ,  e x c e p t  WC a t  lime l e v e l  2.
Phosphorus applied (kg ha-1)
F i g u r e  3 .3 3 :  E x t r a c t a b l e  Cu  ( m g  k g -1 a i r - d r y  soi l )  f o r  soi ls 2 a n d
8 in  w h ic h  PRG o r  WC w e r e  g r o w n  f o r  52 d a y s  a t  two 
lime l e v e l s  a n d  t h r e e  P - l e v e l s .
139.
When t h e  soi l e x t r a c t a b l e  C u  c o n t e n t s  a t  t h e  f i n a l  h a r v e s t  w e r e  
c o m p a r e d  to  t h o s e  a t  t h e  s t a r t  o f  t h e  e x p e r i m e n t ,  i t  w a s  o b s e r v e d  t h a t  
c o n c e n t r a t i o n s  in  soi l  2 h a d  r i s e n  b y  1.0  -  1 .5  mg C u  k g - 1 , w h i l s t  t h e  
l ower  c o n c e n t r a t i o n s  f o u n d  in soil  8 w e r e  g e n e r a l l y  u n a l t e r e d  ( T a b l e  
A3.  29 ) .
Extractab le  m olybdenum
T h e  c o n t e n t  o f  e x t r a c t a b l e  soil  Mo was  l j  t o  3 t im e s  h i g h e r  in  
soil  2 t h a n  soi l  8 ( r a n g e  0 .1 9  -  0. 39 cf. 0 .045  -  0. 082 m g  Mo k g -1 a i r -  
d r y  s o i l ) .  T h e  e f f e c t  t h a t  t h e  s p e c i e s  g r o w i n g  in  t h e  soil  h a d  on Mo 
c o n t e n t  v a r i e d  w i th  t h e  o t h e r  f a c t o r s  ( s o i l ,  lime l ev e l  a n d  P - l e v e l ) .
F o r  soil  2 t h e  s p e c i e s  e f f e c t  o n l y  o c c u r r e d  a t  P - l e v e l  1 w h e r e  f o r  b o t h  
lime l e v e l s  soi l in  w h i c h  WC h a d  b e e n  g r o w n  c o n t a i n e d  more  e x t r a c t a b l e  
Mo t h a n  soil  in  w h i c h  PRG h a d  b e e n  g r o w n .  F o r  soi l 8 h a l f  t h e  t r e a t ­
m e n t s  h a d  m ore  soi l  e x t r a c t a b l e  Mo a f t e r  WC g r o w t h  t h a n  PRG g r o w t h  
a n d  t h e  o t h e r  h a l f  w e r e  n o t  a f f e c t e d  ( F i g u r e  3 . 3 4 ) .
T h e  a d d i t i o n  o f  lime ( l e v e l  1 to  2) h a d  n o  e f f e c t  o n  e x t r a c t a b l e  
soil  Mo c o n t e n t s  f o r  soi l 8 ,  b u t  l e d  to  i n c r e a s e d  c o n t e n t s  in soil  2 fo r  
all t r e a t m e n t s  ( c .  50% i n c r e a s e s ) .  (A s imil ar  r e s u l t  w as  o b s e r v e d  a t  
t h e  s t a r t  o f  t h e  e x p e r i m e n t  a n d  a l so  in  E x p e r i m e n t  1 . )  B y  t h e  f ina l  
h a r v e s t  P f e r t i l i z a t i o n  h a d  n o  e f f e c t  on  soil  e x t r a c t a b l e  Mo c o n t e n t  a l t h o u g h  
a t  t h e  s t a r t  o f  t h e  e x p e r i m e n t  t h e  a d d i t i o n  of  P h a d  a p p a r e n t l y  led  to  
i n c r e a s e d  o v e r a l l  soi l  Mo in  soil  2 a t  b o t h  lime l e v e l s ,  a n d  a d e c r e a s e  f o r  
soil 8 a t  lime l e v e l  2 ( T a b l e  A3 .  3 0 ) .
G e n e r a l l y ,  t h e  a m o u n t  o f  soi l e x t r a c t a b l e  Mo w as  u n a l t e r e d  d u r i n g  
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Phosphorus app I ¡ ed (kg ha'1}
F i g u r e  3 .34 :  E x t r a c t a b l e  Mo ( m g  k g - 1 a i r - d r y  soi l )  f o r  so i ls  2 a n d  8
in  w h ic h  PRG o r  WC w e r e  g r o w n  f o r  52 d a y s  a t  two lime 
l e v e l s  a n d  t h r e e  P - l e v e l s .
Extractable su lp h a te - su lp h u r
T h e  c o n t e n t  o f  e x t r a c t a b l e  SOi*2“ - S  w as  g r e a t e r  in  soil  2 t h a n  
soil 8, t h e  s i ze  of  d i f f e r e n c e  v a r i e d  w i th  t h e  t r e a t m e n t s  b e i n g  a p p l i e d ,  
fo r  WC a t  lime l e v e l  2 t h e  d i f f e r e n c e s  w e re  v e r y  smal l ,  b u t  was g e n e r a l l y  
in t h e  o r d e r  o f  100%. Soil in  w h i c h  PRG h a d  b e e n  g r o w n  h a d  a c o n s i d e r ­
ab ly  lower  S ( \ 2- - S  c o n t e n t  a t  t h e  e n d  o f  t h e  e x p e r i m e n t  t h a n  soil in 
which  WC h a d  b e e n  g r o w n  ( e x c e p t  soi l  8,  L I  a t  P3 w h e r e  t h e r e  was 
no  d i f f e r e n c e ) ,  t h e  d i f f e r e n c e  w a s  p a r t i c u l a r l y  g r e a t  f o r  lime leve l  2 
t r e a t m e n t s .
141.
T h e  a p p l i c a t i o n  of lime t o  a  soi l  l e d  to  i n c r e a s e d  soil  SOit2_- S  
in all p o t s  in  w h ic h  WC h a d  b e e n  g r o w n ,  b u t  h a d  n o  e f f e c t  on t h e  so i l s  
in  which  PRG h a d  b e e n  g r o w n  ( a  smal l  i n c r e a s e  w as  o b s e r v e d  fo r  soil 
2 a t  P - l e v e l  3 ) .  T h i s  r e s u l t  w a s  in  c o n t r a s t  to  E x p e r i m e n t  1 ( P a r t s  A 
a n d  B)  w h e r e  PRG w a s  g r o w n  a n d  b o t h  soi l s ,  2 a n d  8, e x h i b i t e d  i n c r e a s e d  
soil e x t r a c t a b l e  SOi*2_-S  c o n t e n t s  w i th  lime a d d i t i o n .  P f e r t i l i z a t i o n ,  
l ike  lime a d d i t i o n ,  l e d  to  n o  a l t e r a t i o n  in  t h e  l e v e l  o f  SO,12 - -S  e x t r a c t e d  
from soi ls  in  w h ic h  PRG h a d  b e e n  g r o w n  b u t  l e d  to  d e c r e a s e d  c o n t e n t s  
in soi ls in  w h i c h  WC h a d  b e e n  g r o w n ;  s i n c e  t h e  a m o u n t  o f  SOlf2_-S  
e x t r a c t a b l e  b e f o r e  p l a n t  g r o w t h  w a s  u n a f f e c t e d  b y  P - a d d i t i o n  t h i s  e f f e c t  
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'-l1 Phosphorus appi i ed (kg ha'1)
F i g u r e  3 .3 5 :  E x t r a c t a b l e  S O ^ ' - S  ( m g  k g -1 a i r - d r y  soi l )  f o r  soils  2
a n d  8 in w h ic h  PRG o r  WC w e re  g r o w n  f o r  52 d a y s  a t  
tw o  lime l e v e l s  a n d  t h r e e  P - l e v e l s .
142.
From c o m p a r i n g  t h e  soil  c o n t e n t s  of  e x t r a c t a b l e  SOi*2-- S  a t  t h e  
b e g i n n i n g  a n d  e n d  o f  t h e  e x p e r i m e n t  ( T a b l e  A3 .  31) i t  c a n  b e  s e e n  t h a t  
w h e r e a s  PRG g r o w t h  c o n s i s t e n t l y  l o w e r e d  soil  SOi*2~-S  c o n t e n t s  t h e  
e f f e c t  of  WC g r o w t h  w as  l e s s  c o n s i s t e n t  -  d e c r e a s e s ,  i n c r e a s e s  o r  n o  
c h a n g e  b e i n g  r e c o r d e d .
Extractab le  calcium
T h e  a m o u n t  o f  e x t r a c t a b l e  soi l  Ca  w as  g r e a t e r  in  soil 8 t h a n  soil  
2 a t  e a c h  lime l e v e l  a s  w ou ld  b e  e x p e c t e d  s i n c e  more  lime was a d d e d  
to  soi l 8 t h a n  soi l  2 to  a c h i e v e  t h e  d e s i r e d  p H s .  T h e  p l a n t  s p e c i e s  
w h ic h  h a d  b e e n  g r o w n  in  t h e  soil  h a d  n o  e f f e c t  on  f i n a l  Ca c o n t e n t ,  
a l t h o u g h  t h e r e  w a s  a p p a r e n t l y  l e s s  C a  in  soi l 2 a t  lime l e v e l  2 a n d  P -  
l ev e l  3 in  w h ic h  WC h a d  b e e n  g r o w n  t h a n  in  t h i s  t r e a t m e n t  w hic h  h a d  
g r o w n  PRG ( F i g u r e  3 . 3 6 ) .
T h e  q u a n t i t i e s  o f  e x t r a c t a b l e  soi l  C a  w e r e  o b v i o u s l y  v e r y  d i f f e r e n t  
b e t w e e n  t h e  tw o  lime l e v e l s . T h e  e f f e c t  o f  P f e r t i l i z a t i o n  was h i g h l y  
s i g n i f i c a n t  ( p  <0 .01)  b u t  h a d  n o  o v e r a l l  ( P I  c o m p a r e d  to  P3)  e f f e c t  
on  soi ls  in  w h ic h  WC h a d  b e e n  g r o w n .  T h e r e  w as  a l so  n o  e f f e c t  o f  P -  
a d d i t i o n  on  soi l Ca  c o n t e n t  w h e r e  PRG h a d  b e e n  g r o w n  f o r  soil  2, b u t  
f o r  soi l 8 t h e r e  w e r e  o v e r a l l  i n c r e a s e s  in  C a c o n t e n t  a t  b o t h  lime l e v e l s .
F ro m  a c o m p a r i s o n  of  t h e  f i n a l  soi l  Ca  c o n t e n t s  wi th  t h e  in i t i a l  
c o n t e n t s  ( T a b l e  A 3 .  32) i t  i s  s e e n  t h a t  t h e r e  w as  g e n e r a l l y  n o  d i f f e r e n c e  
in soi l Ca  l e v e l s  a t  t h e  tw o  s a m p l i n g  t i m e s .
143.
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Phosphorus applied (kg ha'1}
F i g u r e  3 .3 6 :  E x t r a c t a b l e  C a  ( m g  k g -1 a i r - d r y  soi l ) f o r  soils  2 a n d
8 in  w h ic h  PRG o r  WC w e r e  g r o w n  f o r  52 d a y s  a t  two 
lime l e v e l s  a n d  t h r e e  P - l e v e l s .
Extractable p h o sp h o r u s
T h e  c o n t e n t  o f  e x t r a c t a b l e  soi l  POt,3 - - P  w as  g r e a t e r  in  soil  8 
t h a n  soil 2,  t h e  in i t i a l  ( u n a m e n d e d )  c o n t e n t s  of  POi*3-- P  in  t h e  two 
soi ls w e re  4 .3  a n d  1 .7  mg k g -1 o v e n - d r y  soil  r e s p e c t i v e l y  ( T a b l e  3 . 2 ) .  
T h e r e  was g e n e r a l l y  more  (20-35% m o r e )  POi,3 - - ?  e x t r a c t a b l e  f rom soi l s  
in which WC r a t h e r  t h a n  PRG h a d  b e e n  g r o w n ,  a l t h o u g h  fo r  soil 2 a t  
P - l e v e l  1 a t  b o t h  lime l e v e l s  a n d  P - l e v e l  2 a t  lime l e v e l  2 t h e r e  was n o  
d i f f e r e n c e  ( F i g u r e  3 . 3 7 ) .
T h e  a d d i t i o n  o f  lime h a d  n o  e f f e c t  on  e x t r a c t a b l e  soil  POi*3~-P  
l e v e l s .  T h e  a d d i t i o n  o f  P f e r t i l i z e r ,  o b v i o u s l y ,  l e d  to  i n c r e a s e d  l e v e l s  



















Phosphorus app I i ed (kg ha'1]
PPG -----
WC ----
So i1 2 :
Ii me I eve i 1 <
I i me I eve i 2 -< 
So iI 8 :
I ime ¡eve I 1 □
Ii me I eve I 2 H
F i g u r e  3 .3 7 :  E x t r a c t a b l e  P 0 43“ - P  ( m g  k g -1 a i r - d r y  soi l )  fo r  soi ls 2
a n d  8 in  w h ic h  PRG o r  WC w e r e  g r o w n  f o r  52 d a y s  a t  
tw o  lime l e v e l s  a n d  t h r e e  P - l e v e l s .
F o r  so i l s  in  w h ic h  PRG w a s  g r o w n  t h e  l e v e l s  of  e x t r a c t a b l e  
P 0 43~-P d e c r e a s e d  b e t w e e n  t h e  s t a r t  a n d  c o n c l u s i o n  of  t h e  e x p e r i m e n t  
e x c e p t  fo r  soil  2 lime l ev e l  1 a t  a l l  P - l e v e l s  a n d  a t  lime l eve l  2 P - l e v e l  1. 
F o r  soi ls in  w h ic h  WC was g r o w n  t h e r e  was n o  d i f f e r e n c e  b e tw e e n  soil  
POi,3" - ?  c o n t e n t s  a t  t h e  tw o  s a m p l i n g  t im es  ( e x c e p t  f o r  a small d e c r e a s e  
in soil 8 a t  P3 a n d  soi l 2 a t  L2 a n d  P2)  ( T a b l e  A 3 .  33) .
145.
(b )  H erbage  a n a ly se s  
D r y  matter p roduct ion
T h e r e  w a s  a  soi l e f f e c t  o n  d r y  m a t t e r  p r o d u c t i o n  a t  t h e  f i r s t  
( p  <0.001)  a n d  s e c o n d  ( p  <0 .0 5 )  h a r v e s t ;  p l a n t s  g r o w n  in  soil 8 so me­
t im es  p r o d u c e d  s l i g h t l y  m ore  h e r b a g e  t h a n  t h o s e  o f  t h e  same t r e a t m e n t  
in  soil 2. A t  b o t h  h a r v e s t s  PRG p r o d u c e d  more  h e r b a g e  t h a n  WC , 
a l t h o u g h  t h e  m a g n i t u d e  of  t h e  d i f f e r e n c e  w a s  s m a l l e r  a t  t h e  s e c o n d  
h a r v e s t  ( a p p r o x i m a t e l y  1 |  t im e s  m o re  p r o d u c t i o n  f o r  PRG c o m p a r e d  
to  5 |  t im es  m o r e ) , b e c a u s e  PRG p r o d u c t i o n  h a d  d e c r e a s e d  whi l s t  t h a t  
o f  WC h a d  i n c r e a s e d  ( T a b l e  A 3 .  3 4 ) .
Lime a d d i t i o n  h a d  n o  e f f e c t  on  h e r b a g e  p r o d u c t i o n  a t  t h e  f i r s t  
h a r v e s t ,  a l t h o u g h  i t  a p p a r e n t l y  d e c r e a s e d  WC p r o d u c t i o n  in soi l  8 
a n d  i n c r e a s e d  PRG p r o d u c t i o n  in  b o t h  s o i l s .  B u t  a t  t h e  s e c o n d  h a r v e s t  
lime a d d i t i o n  h a d  a f f e c t e d  h e r b a g e  p r o d u c t i o n  i n c r e a s i n g  DM p r o d u c t i o n  
of  PRG in  b o t h  soi l s  a n d  of  WC a t  P - l e v e l  3 in  b o t h  s o i l s .  T h e r e  was 
n o  d i f f e r e n c e  in  p r o d u c t i o n  f o r  WC in  soil  2 a t  lime l e v e l  1 a n d  P - l e v e l s  
1 a n d  2 a n d  d e c r e a s e d  p r o d u c t i o n  in  t h e s e  t r e a t m e n t s  on  soil 8 ( F i g u r e  
3 . 3 8 ) .
P - a d d i t i o n  ( P I  c f .  P3 )  i n c r e a s e d  h e r b a g e  p r o d u c t i o n  of  b o t h  
WC a n d  PRG a t  t h e  f i r s t  h a r v e s t  ( a l t h o u g h  n o t  f o r  PRG g r o w n  in  soil  
8 a t  l ime l e v e l  1 ) ,  b u t  o n ly  t h a t  of  WC a t  t h e  s e c o n d .
T h e  o v e r a l l  i m p r e s s i o n  g a i n e d  fr om  t h e s e  r e s u l t s  is  t h a t  P - a d d i t i o n  
t e n d e d  to  i n c r e a s e  DM p r o d u c t i o n  ( e x c e p t  PRG a t  t h e  s e c o n d  h a r v e s t )  
a n d  t h a t  w h e r e a s  f o r  P R G ,  l im in g  a l s o  i n c r e a s e d  p r o d u c t i o n  (A1 t o x i c i t y  
was o v e r c o m e )  f o r  WC t h e  i n t e r a c t i o n  b e t w e e n  lime x p h o s p h o r u s  v a r i e d  
wi th  soi l ,  s p e c i e s  a n d  h a r v e s t ,  b u t l  g e n e r a l l y  l e d  to  d e c r e a s e d  p r o d u c t i o n .  
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F i g u r e  3. 38 : H e r b a g e  DIM p r o d u c t i o n  ( g  p o t  x) f o r  PRG a n d  WC g r o w n  
in soi ls  2 a n d  8 a t  tw o  lime l e v e l s  a n d  t h r e e  P - l e v e l s .
147.
l e g u m e s  b r o u g h t  a b o u t  b y  l im in g  is  d u e  to  a n  i n d u c e d  P d e f i c i e n c y ;  
a n d  t h e  r e s u l t s  p r e s e n t e d  h e r e  s u p p o r t  t h i s  v ie w  s in c e  b y  th e  time 
t h e  c l o v e r  p l a n t s  w e r e  e s t a b l i s h e d  ( t h e  s e c o n d  h a r v e s t )  a l t h o u g h  WC 
g r o w t h  in  b o t h  so i l s  was p o o r e r  a t  t h e  l o w e s t  tw o  P - l e v e l s  a t  lime l eve l  
2 t h a n  a t  lime l e v e l  1, i t  was g r e a t e r  a t  lime l e v e l  2 f o r  P - l e v e l  3.
Copper
T h e  c o p p e r  c o n c e n t r a t i o n  in  h e r b a g e  g r o w n  in  soi l 2 was a p p r o x i ­
m a te ly  2 to  4 t i m e s  g r e a t e r  t h a n  t h a t  g r o w n  in  soi l  8 ( a s  a l so o b s e r v e d  
in  t h e  o t h e r  e x p e r i m e n t s ) , t h e r e f o r e  t h e  a n a l y s i s  of  v a r i a n c e  was c a r r i e d  
o u t  s e p a r a t e l y  f o r  e a c h  so i l .  F o r  soil  2 t h e  s p e c i e s  e f f e c t  was v e r y  
h i g h l y  s i g n i f i c a n t  ( p  < 0 .0 0 1 ) ;  WC c o n t a i n e d  m ore  Cu  t h a n  PRG a t  P -  
l e v e l s  2 a n d  3 a t  b o t h  lime l e v e l s ,  b u t  a t  P - l e v e l  1 a n d  lime l eve l  1 t h e r e  
was  n o  s p e c i e s  d i f f e r e n c e  a n d  a t  P - l e v e l  1 a n d  lime l e v e l  2 PRG c o n t a i n e d  
more  C u  t h a n  WC. F o r  soi l 8 t h e  s p e c i e s  e f f e c t  w as  s i g n i f i c a n t  a t  p <0 .05 ,  
w i th  t h e r e  b e i n g  n o  d i f f e r e n c e  in  C u  c o n t e n t  o f  t h e  tw o  s p e c i e s  e x c e p t  
a t  lime l e v e l  1 a n d  P - l e v e l  1, w h e r e  WC c o n t a i n e d  m ore  Cu  t h a n  P R G .
Lime a d d i t i o n  h a d  n o  e f f e c t  on  t h e  C u  c o n t e n t  o f  h e r b a g e  g r o w n  
in  soi l 8 b u t  f o r  t h a t  g r o w n  in  soi l  2 i t  i n c r e a s e d  C u  c o n t e n t .  T h e  
a d d i t i o n  o f  P h a d  a  s i g n i f i c a n t  e f f e c t  ( p  <0.05)  in  b o t h  soi ls  b u t  t h e  
e f f e c t  w as  i n c o n s i s t e n t  ( F i g u r e  3 . 3 9 ) .
S l i g h t  d i f f e r e n c e s  w e r e  f o u n d  in  t h e  p a t t e r n  o f  r e s u l t s  a t  t h e  
s e c o n d  h a r v e s t  a n d  t h e  d a t a  i s  p r e s e n t e d  in  T a b l e  A 3 .  35.
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F i g u r e  3 .3 9 :  H e r b a g e  C u  c o n c e n t r a t i o n  ( m g  k g - 1  DM) fo r  PRG a n d
WC g r o w n  in  so i l s  2 a n d  8 fo r  36 d a y s  a t  two  lime l e v e l s  
a n d  t h r e e  P - l e v e l s .
Molybdenum
T h e  e f f e c t  of  soi l o n  h e r b a g e  Mo c o n t e n t  w a s  h i g h l y  s i g n i f i c a n t  
(p  <0.01) b u t  t h i s  e f f e c t  w as  d u e  s o l e ly  to  t h e  l a r g e  d i f f e r e n c e s  in 
WC c o n t e n t  a t  P - l e v e l s  1 a n d  3 a t  l ime l e v e l  2 s i n c e  a ll  o t h e r  d i f f e r e n c e s  
w ere  n o t  s i g n i f i c a n t .  H o w e v e r ,  a t  t h e  s e c o n d  h a r v e s t  a l t h o u g h  t h e r e  
was s t i l l  n o  e f f e c t  o f  soi l a t  l ime l e v e l  1 o r  a t  l ime l e v e l  2 for  PRG, 
fo r  WC g r o w n  a t  t h i s  lime l e v e l  p l a n t s  g r o w n  in  soi l  2 c o n t a i n e d  more 
Mo t h a n  p l a n t s  g r o w n  on soi l 8 ( T a b l e  A 3 . 3 6 ) .
WC c o n t a i n e d  more Mo t h a n  PRG a t  lime l e v e l  2 f o r  b o th  soi ls 
b u t  t h e r e  was n o  d i f f e r e n c e  in t h e  Mo c o n t e n t s  o f  t h e  tw o  sp ec ie s  a t  
lime leve l  1.
T h e  a d d i t i o n  o f  lime to t h e  so i l s  l e d  to  g r e a t l y  i n c r e a s e d  h e r b a g e  
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F i g u r e  3 .4 0 :  H e r b a g e  Mo c o n c e n t r a t i o n  ( m g  k g -1 DM) f o r  PRG a n d
WC g r o w n  in  so i l s  2 a n d  8 f o r  36 d a y s  a t  two' l ime l eve ls  
a n d  t h r e e  P - l e v e l s .
h a d  no  e f f e c t  o n  t h e  Mo c o n t e n t  o f  PRG g r o w n  in  soi l  8 a n d  i n c r e a s e d  
t h e  Mo c o n t e n t  o f  PRG g r o w n  in  soi l  2 o n ly  2- to  3 - f o l d .  T h e  ad d i t i o n  
o f  P h a d  n o  e f f e c t  o n  h e r b a g e  Mo c o n t e n t .
T h e  same p a t t e r n  of  r e s u l t s  w a s  o b s e r v e d  a t  t h e  s e c o n d  h a r v e s t ,  
a l t h o u g h  t h e  h e r b a g e  Mo c o n c e n t r a t i o n s  w e re  d i f f e r e n t  ( T a b l e  A3. 36) .
S u lp h u r
PRG g r o w n  in  soi l 2 c o n t a i n e d  a p p r o x i m a t e l y  \  t o  3 t imes more 
S t h a n  PRG g r o w n  in  soi l 8; b u t  w h e n  WC was g r o w n  in  soil 2 a t  lime 













l e s s  S (c .  a f i f t h )  t h a n  w h e n  g r o w n  in  soi l 8, w h i l s t  f o r  t h e  o t h e r  t h r e e
t r e a t m e n t s  ( L I  a t  P3 a n d  L2 a t  P2 a n d  P3)  t h e r e  w a s  n o  soil d i f f e r e n c e
( F i g u r e  3 . 4 1 ) .  WC c o n t a i n e d  l e s s  S t h a n  PRG in  a l l  t r e a t m e n t s ,  e x c e p t
1 a n d  2
soil 8 a t  l ime l e v e l  1 a n d  P - l e v e l s  . ^w here  i t  c o n t a i n e d  m o r e ,  a n d  soi l 8 
a t  P - l ev e l  3 w h e r e  t h e r e  w as  n o  d i f f e r e n c e .  A t  t h e  s e c o n d  h a r v e s t  all 
WC g r o w n  in  soi l  2 c o n t a i n e d  l e s s  S t h a n  PRG b u t  f o r  soi l  8 WC c o n t a i n e d  
more  S t h a n  P R G .
T h e  a d d i t i o n  o f  lime l e d  to  i n c r e a s e d  h e r b a g e  S c o n t e n t s  in all 
t r e a t m e n t s  e x c e p t  f o r  WC g r o w n  in  b o t h  soi l s  a t  l ime l e v e l  1 a n d  P -  
l e v e l  1 a n d  in  soi l  8 a t  lime l e v e l  1 P - l e v e l  2. A t  t h e  s e c o n d  h a r v e s t  
lime a d d i t i o n  d i d  n o t  a f f e c t  t h e  S c o n t e n t  of  PRG b u t  i t  i n c r e a s e d  t h a t  
of  WC. T h e  e f f e c t  o f  P a d d i t i o n  w a s  i n c o n s i s t e n t  ( s e e  F i g u r e  3 . 4 1 ) .
_j i | | | | i t r i l
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F i g u r e  3 .4 1 :  H e r b a g e  S c o n c e n t r a t i o n  (% DM) f o r  PRG a n d  WC g r o w n
in so i l s  2 a n d  8 f o r  36 d a y s  a t  tw o  lime l e v e l s  a n d  t h r e e  
P - l e v e l s .
151.
In a g r e e m e n t  w i t h  t h e  f i n d i n g s  of  o t h e r  e x p e r i m e n t s  h e r b a g e  
S c o n t e n t s  w e r e  o b s e r v e d  to  d e c r e a s e  d u r i n g  t h e  c o u r s e  of  t h e  e x p e r i ­
m e n t  ( T a b l e  A 3 .  37) a n d  t h e  sa m e  b a s i c  p a t t e r n s  of  r e s u l t s  w e r e  f o u n d  
a t  t h e  s e c o n d  a s  a t  t h e  f i r s t  h a r v e s t .
Calcium
WC h e r b a g e  g r o w n  in  soi l 2 c o n t a i n e d  25-75% m ore  Ca  t h a n  WC 
g r o w n  in  soi l  8,  r e f l e c t i n g  t h e  d i f f e r e n c e  in  soi l C a  c o n t e n t s ;  b u t  t h e r e  
w as  n o  d i f f e r e n c e  in  t h e  C a  c o n t e n t  o f  PRG g r o w n  in  t h e  two s o i l s .
WC c o n t a i n e d  a p p r o x i m a t e l y  3 t im e s  a s  m u c h  Ca  a s  PRG ( m e a n s  of  1 .1  
a n d  0.4% r e s p e c t i v e l y ) ,  t h i s  w a s  a l s o  o b s e r v e d  in  E x p e r i m e n t  2 A , 
so t h e  tw o  s p e c i e s  w e r e  s e p a r a t e d  f o r  t h e  a n a l y s i s  o f  v a r i a n c e .  A t  
t h e  s e c o n d  h a r v e s t  t h e r e  w a s  a n  e f f e c t  o f  soil  on t h e  Ca% of  PRG wi th  
p l a n t s  g r o w n  in  soi l  2 c o n t a i n i n g  l e s s  Ca  t h a n  t h o s e  in  soi l  8 ( T a b l e  
A3 .  38) .
At  t h e  f i r s t  h a r v e s t  lime a p p l i c a t i o n  h a d  n o  e f f e c t  on  t h e  Ca% of  
WC , w h e r e a s  a t  t h e  s e c o n d  h a r v e s t  t h e  e f f e c t  w as  v e r y  h i g h l y  s i g n i f i c a n t  
( p  <0.001)  a n d  f o r  al l t r e a t m e n t s  ( e x c e p t  soil  8 a t  P I )  WC p l a n t s  g r o w n  
a t  lime l e v e l  2 c o n t a i n e d  m ore  C a  t h a n  t h o s e  g r o w n  a t  lime l e v e l  1 a s  
would  b e  e x p e c t e d  from t h e  soi l c o n t e n t s .  F o r  PRG lime h a d  a  smal l 
e f f e c t  on h e r b a g e  Ca% a t  t h e  f i r s t  h a r v e s t  ( p  <0.05)  m a n i f e s t  a s  smal l 
i n c r e a s e s  w i th  l ime a d d i t i o n  in  t h e  p l a n t s  g r o w i n g  in  soi l  2 a t  P l e v e l s  
2 a n d  3 ( F i g u r e  3 . 4 2 ) ,  b u t  t h e r e  w as  n o  e f f e c t  a t  t h e  s e c o n d  h a r v e s t .  
T h i s  p a t t e r n  o f  i n c r e a s e s  in  t h e  Ca% of  WC wi th l im ing  b u t  l a ck  of  e f f e c t  
in  PRG w as  a l s o  n o t e d  a n d  d i s c u s s e d  in E x p e r i m e n t  2A.
P - a d d i t i o n  d id  n o t  a f f e c t  t h e  Ca% o f  PRG b u t  d i d  a f f e c t  t h e  Ca% 
of  WC a l t h o u g h  t h e  m a g n i t u d e  o f  t h e  e f f e c t  was m o d i f i e d  b y  soi l -  l a r g e  
i n c r e a s e s  w e r e  o b s e r v e d  in  p l a n t  Ca% wi th  P - a d d i t i o n  to  soil  2 b u t  f o r
152.
soil 8 no  i n c r e a s e s  w e r e  o b s e r v e d  a t  l ime l e v e l  1 a n d  o n ly  small i n c r e a s e s  
a t  lime l eve l  2. ( T h e r e  w a s  n o  e f f e c t  o f  P - a d d i t i o n  o f  t h e  Ca c o n t e n t  
of  e i t h e r  s p e c i e s  a t  t h e  s e c o n d  h a r v e s t . )
21 -18 96
Phoephorus appl i ed (kg h o “1)
21 18 95
Phosphorus opplied .{kg ha"')
F i g u r e  3 .4 2 :  F l e r b a g e  Ca  c o n c e n t r a t i o n  (% DM) f o r  PRG a n d  WC g r o w n
in  so i l s  2 a n d  8 f o r  36 d a y s  a t  tw o  lime l e v e l s  a n d  t h r e e  
P - l e v e l s .
A p a r t  f ro m  t h e  e x c e p t i o n s  n o t e d  a b o v e  t h e  same b a s i c  t r e n d s  
were  o b s e r v e d  a t  t h e  s e c o n d  a s  a t  t h e  f i r s t  h a r v e s t  d e s p i t e  WC 
g ro w n  in soi l  2 c o n t a i n i n g  g e n e r a l l y  l e s s  Ca a n d  PRG in  soi l  8 more 
Ca t h a n  a t  t h e  s e c o n d  t h a n  a t  t h e  f i r s t  h a r v e s t .
Pho sp h o ru s
T h e  P c o n t e n t  of  h e r b a g e  g r o w n  in soil  8 was g r e a t e r  t h a n  t h a t  
of  h e r b a g e  g r o w n  in  soil  2 f o r  all  t r e a t m e n t s  ( e x c e p t  WC at  L I  a n d  P3
153.
w h e r e  t h e r e  w a s  n o  d i f f e r e n c e ) . T h e  soil  d i f f e r e n c e  w as  g r e a t e r  f o r  
PRG t h a n  f o r  WC r e f l e c t i n g  t h e  h i g h e r  P c o n c e n t r a t i o n s  of  P R G ; t h e  
P c o n t e n t  of  PRG g r o w n  in  soi l  2 w a s  „ g r e a t e r  t h a n  t h a t  of  WC b u t  
to  a l e s s e r  e x t e n t  t h a n  in  soi l  8 ( m e a n  d i f f e r e n c e  28% c o m p a r e d  to  60%).
Lime a p p l i c a t i o n  h a d  a  s i g n i f i c a n t  e f f e c t  ( p  <0.01)  on h e r b a g e  
P c o n c e n t r a t i o n  b u t  t h e  e f f e c t  w a s  n o t  c o n s i s t e n t  ( F i g u r e  3 . 4 3 ) .  T h e  
a d d i t i o n  of  P l e d  to  i n c r e a s e d  h e r b a g e  P c o n t e n t s  in a l l  t r e a t m e n t s ,  
b u t  t h e r e  w a s  n o  i n c r e a s e  b e t w e e n  P - l e v e l s  1 a n d  2 f o r  PRG in soil 2 
a t  lime l ev e l  2 o r  f o r  WC in  soi l  8 b e t w e e n  P - l e v e l s  2 a n d  3 a t  lime l e v e l  1.
a. So iI 2 b. SoiI 8
CDO
-OL
F i g u r e  3 .43 :  H e r b a g e  P c o n c e n t r a t i o n  (% DM) fo r  PRG a n d  WC g r o w n
in so i l s  2 a n d  8 f o r  36 d a y s  a t  two  lime l ev e l s  a n d  t h r e e  
P - l e v e l s .
154.
T h e  c o n c e n t r a t i o n  o f  P in  h e r b a g e  h a d  g e n e r a l l y  i n c r e a s e d  b y  
t h e  s e c o n d  h a r v e s t  a l t h o u g h  f o r  a few t r e a t m e n t s ,  p r e d o m i n a n t l y  soil 
2 a t  lime l e v e l  2, t h e r e  w a s  n o  c h a n g e .  T h e  same b a s i c  p a t t e r n  o f  r e s u l t s  
a s  a t  t h e  f i r s t  h a r v e s t  w a s  a l s o  o b s e r v e d  a t  t h e  s e c o n d  ( T a b l e  A3 .  3 9 ) .
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2 .5  E x p e r i m e n t  5: A n  invest igat ion  into the effect o f  copper  fertilizer
on the content o f  c o p p e r , m olybdenum  and  su lp h u r
in white c lo ve r  a n d  perenn ia l  r y e g r a s s  grow n in
soils 2 a n d  8.
T h e  b a s i c  e x p e r i m e n t a l  d e s i g n  w a s :
2 so i ls  ( 2 ,  8) x  2 s p e c i e s  (WC, P R G )  x  2 C u  l e v e l x  x  
4 r e p l i c a t e s  w i th  2 s e q u e n t i a l  h a r v e s t s .  (Ful l  d e t a i l s  a r e  
g i v e n  in  C h a p t e r  I I ,  S e c t i o n  4 .1 , . )
T h e  d a t a  f o r  h e r b a g e  a n a l y s e s  a r e  p r e s e n t e d  a s  h i s t o g r a m s  r a t h e r  
t h a n  t a b l e s ,  t h e  n u m e r i c a l  v a l u e s  c a n  b e  f o u n d  in  A p p e n d i x  3 . 5 .  T h e  
tw o  s p e c i e s  g r e w  a t  d i f f e r e n t  r a t e s ,  h e n c e  t h e  f i r s t  h a r v e s t  of  PRG
was  t a k e n  on  d a y  30 ( T l a )  a n d  t h a t  o f  WC on d a y  38 ( T i b ) ,  b o t h  c r o p s
w e r e  h a r v e s t e d  on  t h e  sam e d a y  a t  t h e  f in a l  h a r v e s t  -  d a y  50 ( T 2 ) .
[a ] Soil a n a ly s is  
pH
T h e  soi l pH o f  all t r e a t m e n t s  d e c r e a s e d  b y  a p p r o x i m a t e l y  h a l f  
a  pH u n i t  d u r i n g  t h e  e x p e r i m e n t  ( T a b l e  3 .7 )  ( a l s o  o b s e r v e d  in E x p e r i ­
m e n t s  2, 3 a n d  4 ) .  A t  t h e  s t a r t  o f  t h e  e x p e r i m e n t  (TO) soil 2 h a d
T a b l e  3 . 7 :  pH of  soi l s  2 a n d  8 in  w h ic h  WC o r  PRG w e r e  g r o w n  wi th
a n d  w i t h o u t  a d d e d  C u .
Soil
C o p p e r  
a d d i t i o n  




T i b T 2 TO
PRG
T l a T 2
2 0 5 .5 5 .1 5.0 5.6 5.1 5.0
10 5 .5 5 .1 5.0 5.4 5.0 5.0
8 0 5 .3  " 5 .1 5.0 5 . 5 " 5.1 5.0
10 5.4 5 .2 5 . 0 5.4 5.1 5.0
s . e . :  TO = 0 . 0 1 ,  T l ( a & b )  = 0 . 0 4 ,  T 2  = 0 .01
^ T 0 ,  T l a ,  T i b ,  T 2 :  0,  30,  38 a n d  50 d a y s ,  i . e .  s t a r t
of  e x p e r i m e n t ,  f i r s t  ( P R G ,  WC) a n d  s e c o n d  h a r v e s t s
156.
s l i g h t l y  h i g h e r  p H s  t h a n  soi l 8; a n d  p o t s  w h ic h  w e r e  to  h a v e  PRG 
g r o w i n g  in  t h e m  h a d  s l i g h t l y  h i g h e r  p H s  t h a n  p o t s  w h i c h  w e r e  to  g ro w 
WC p r o b a b l y  b e c a u s e  o f  d i f f e r e n c e s  in  s a m p l i n g  t e c h n i q u e  ( s e e  C h a p t e r  
I I ,  S e c t io n  4 . 2 ) .  T h e r e  w as  n o  d i f f e r e n c e  b e t w e e n  t h e  p H s  of  t h e  p o t s  
in  w h ic h  PRG a n d  WC h a d  b e e n  g r o w n  a t  e i t h e r  h a r v e s t ,  in  c o n t r a s t  
to  t h e  r e s u l t s  of  E x p e r i m e n t  2A.  T h e  a d d i t i o n  o f  C u  to  t h e  soi ls h a d  
n o  e f f e c t  on  pH a t  e i t h e r  h a r v e s t  a n d  o n l y  smal l a n d  i n c o n s i s t e n t  e f f e c t s  
a t  TO.
Extractab le  co p p e r
Cu a d d i t i o n  g r e a t l y  i n c r e a s e d  t h e  a m o u n t  o f  e x t r a c t a b l e  soil C u ,  
a n d  t h e  s ize  o f  t h e  i n c r e a s e  a p p r o x i m a t e l y  d o u b l e d  d u r i n g  t h e  c o u r s e  
o f  t h e  e x p e r i m e n t .  T h e  i n c r e a s e  in  e x t r a c t a b l e  soi l  C u  w a s  p a r t i c u l a r l y  
l a r g e  fo r  soi l 8 ( t h e  soi l w h ic h  in i t i a l l y  h a d  t h e  l o w e s t  soi l  Cu  c o n t e n t )  -  
t w e n t y - f o l d  a t  TO ( f ro m  0 .5  to  9 . 2  m g k g -1 a i r - d r y  so i l )  a n d  f o r t y - f o l d  
a t  T 2 .  In  soi l 2 t h e  i n c r e a s e s  w e r e  t h r e e -  a n d  f o u r - f o l d ,  r e s p e c t i v e l y ,  
a t  TO a n d  T 2 .  T h e  p l a n t  s p e c i e s  g r o w i n g  in  t h e  soi l d i d  n o t  a f f e c t  
e x t r a c t a b l e  soi l C u  c o n c e n t r a t i o n s  ( T a b l e  3 . 8 ) .
T a b l e  3 .8 :  E x t r a c t a b l e  soil  C u  c o n c e n t r a t i o n  o f  so i l s  2 a n d  8 in
w h i c h  WC o r  PRG w e r e  g r o w n  f o r  50 d a y s  w i th  a n d  
w i t h o u t  a d d e d  C u .
C o p p e r
Extractab le  soil Cu  concentration  
(mg k g ~ 1 a i r - d r y  soil)
Soil a d d i t i o n  
( k g  C u  h a -1 ) +T0 WC
T 2
PRG
2 0 3.8 4 .3 4 .3
10 10 .9 16 .7 16.8
8 0 0 .5 0 .5 0 .6
10 9 .2 1 8 . 9 " 1 8 .3 "
s . e . :  TO -  r e s u l t  of  s i n g l e  a n a l y s i s  o n l y ,  T 2  = 0.48
"'’TO, T2 :  0 a n d  50 d a y s  -  s t a r t  a n d  c o n c l u s i o n  o f  e x p e r i m e n t .
157.
Extractab le  m olybdenum
Cu a d d i t i o n  h a d  n o  e f f e c t  on t h e  a m o u n t  of  e x t r a c t a b l e  soil Mo 
in  e i t h e r  soi l  a t  e i t h e r  s a m p l i n g  t im e .  T h e  a m o u n t  o f  e x t r a c t a b l e  Mo 
d e c r e a s e d  b e t w e e n  TO a n d  T2 b y  a p p r o x i m a t e l y  a q u a r t e r  to  a t h i r d  
in  soil  2 a n d  b y  a  h a l f  in  soi l 8 -  t h e  soi l t h a t  in i t i a l l y  c o n t a i n e d  t h e  
l e a s t  Mo. T h e  g r o w t h  of  PRG in  t h e  so i l s  to  w h ic h  C u  h a d  b e e n  a d d e d  
l e d  to  s l i g h t l y  l o w e r  f ina l  e x t r a c t a b l e  soi l Mo c o n t e n t s  ( T a b l e  3 . 9 ) .
T a b l e  3 . 9 :  E x t r a c t a b l e  soil  Mo c o n c e n t r a t i o n  o f  so i l s  2 a n d  8 in  w h ic h
WC o r  PRG w e r e  g r o w n  f o r  50 d a y s  w i th  a n d  w i t h o u t  a d d e d  
C U .
Soil
C o p p e r  
a d d i t i o n  
( k g  C u  h a -1 )
E x  tractable  
(mg k g
soil Mo 
~ 1 a ir -
concentration  





2 0 0 .085 0 .058 0 .054
10 0 .080 0 .073 0 .061
8 0 0 .063 0 .035 0 .0 2 7 "
10 0 .064 0 .034 0.024
s . e .  : TO = 0 .0 1 0 9 ,  T 2  = 0 .0049
TT 0 ,  T 2 :  0 a n d  50 d a y s ,  i . e .  s t a r t  a n d  c o n c l u s i o n  of
e x p e r i m e n t .
Extractab le  su lphate
C u a d d i t i o n  h a d  n o  e f f e c t  on  t h e  a m o u n t  of  e x t r a c t a b l e  SOi,2_- S  
in  e i t h e r  soi l a t  e i t h e r  s a m p l i n g  t ime ( a s  a l so  o b s e r v e d  f o r  Mo).  T h e  
c o n t e n t  o f  SOi,2~-S  was a lot l o w e r  in  soil  8 t h a n  soi l 2 a n d  t h e  s ize  of  
t h e  d i f f e r e n c e  a p p r o x i m a t e l y  d o u b l e d  b e t w e e n  TO a n d  T2  from 25-35% 
to  50-70%, d u e  to  d e c r e a s e d  S ( \ 2“ - S  c o n t e n t s  f o r  soil  8 ,  w h i l s t  t h o s e  
f o r  soil  2 r e m a i n e d  u n a l t e r e d .  T h e  SOi*2 - - S  c o n t e n t s  of  soi ls  in w hich
158.
PRG h a d  b e e n  g r o w n  w as  a p p r o x i m a t e l y  h a l f  t h a t  o f  soi l  in  w h ich  WC 
h a d  b e e n  g r o w n  f o r  b o t h  soi l  2 a n d  soil  8 ( T a b l e  3 . 1 0 ) .
T a b l e  3 .1 0 :  E x t r a c t a b l e  soi l  S O ^ “-S c o n c e n t r a t i o n  o f  so i l s  2 a n d  8 in
w h i c h  WC o r  PRG w e r e  g r o w n  f o r  50 d a y s  w ith  a n d  w i t h ­
o u t  a d d e d  C u .
Extra ctab le  soil SO ii2~ - S  concentration  
C o p p e r  (mg k g ~ 1 aii— d r y  so il)
Soil a d d i t i o n  ---------------------------------------------------------------------
( k g  C u  h a - 1 ) +T0 T2
WC PRG
2 0 51 48 26
10 54 51" 28
8 0 33 25" 11
10 40 24 9
s . e .  : TO = 3 . 3 ,  T2 = 1 .0
+T0 ,  T 2 :  0 a n d  50 d a y s ,  i . e .  s t a r t  a n d  c o n c l u s i o n  of
e x p e r i m e n t .
( b )  H e rbage  a n a ly s i s  
D r y  matter p roduct ion
C u  a d d i t i o n  h a d  n o  e f f e c t  o n  h e r b a g e  DM p r o d u c t i o n  e x c e p t  f o r  
a  v e r y  smal l i n c r e a s e  f o r  WC g r o w n  in  soil  8 a t  t h e  f i r s t  h a r v e s t  ( p  
<0.05)  ( F i g u r e  3 . 4 5 a ) .  T h e r e  w e r e  l a r g e  d i f f e r e n c e s  in  p r o d u c t i o n  
b e t w e e n  soi ls  a n d  s p e c i e s  -  soil  8 p r o d u c e d  16-55% m o re  h e r b a g e  t h a n  
soi l 2, a n d  PRG 49-68% m ore  h e r b a g e  t h a n  WC. T h e  a m o u n t  o f  DM p r o d u c ­
t io n  was g r e a t e r  a t  t h e  s e c o n d  t h a n  t h e  f i r s t  h a r v e s t  f o r  PRG in soi ls  
2 a n d  8 a n d  f o r  WC in soil  2, b u t  t h e r e  was  n o  d i f f e r e n c e  b e t w e e n  t h e  
h a r v e s t s  f o r  WC in soi l 8 ( F i g u r e  3 .44  a n d  T a b l e  A 3 . 4 0 ) .
159.
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b. F i naI harvest
-C u  +Cu -C u +Cu -Cu +Cu -C u
Soi I 2 Soi I 8 Soi I 2 Soi I 8
PRG SPECIES VC
F i g u r e  3 .44 :  H e r b a g e  DM p r o d u c t i o n  ( g  p o t  1) o f  PRG a n d  WC g r o w n
o n  so i l s  2 a n d  8 w i th  a n d  w i t h o u t  a d d e d  C u  (10 k g  Cu 
h a - 1 ) .
T h e  a b s e n c e  o f  a r e s p o n s e  in  p l a n t  d r y  m a t t e r  p r o d u c t i o n  in 
soil 2 was pi ’e d i c t e d  s in c e  soil  2 i s  c o n s i d e r e d  to  b e  C u  s u f f i c i e n t .  It  
was e x p e c t e d ,  h o w e v e r ,  t h a t  a r e s p o n s e  m ig h t  h a v e  b e e n  o b s e r v e d  
in soil 8. T h e  E D T A - e x t r a c t a b l e  soi l  Cu  c o n t e n t  of  u n a m e l i o r a t e d  soil 
8 is 0 .6  mg k g -1 o v e n - d r y  soi l ;  w h i c h  is  b o t h  below t h e  limit of  1 .2  
mg k g -1 g i v e n  b y  M a c k e n z ie  ( 1974) f o r  soi ls  w hich  c a n  g iv e  " loss  of
160.
y ie ld  of c e r e a l s  o r  ill h e a l t h  in  s h e e p  a n d  c a t t l e "  ( h o w e v e r ,  t h e  a p p l i c ­
ab i l i ty  of t h i s  l imit to  g r a s s  C u  r e q u i r e m e n t s  i s  n o t  k n o w n ) ,  a n d  th e  
SA C /S A R I  t h r e s h o l d  f o r  Cu  d e f i c i e n t  soi l s  of  0 .8  mg k g -1 a i r - d r y  soil  
( f o r  m in era l  so i l s  a t  pH 6 . 0 ) .
Copper
Cu a d d i t i o n  i n c r e a s e d  h e r b a g e  C u  c o n c e n t r a t i o n  f o r  WC a n d  PRG 
gro w n  in soi l 8 a n d  f o r  PRG g r o w n  in  soi l 2, b u t  n o t  f o r  WC g row n  
in soil 2; t h e  r e l a t i v e  i n c r e a s e  w a s  m u c h  g r e a t e r  in  soil  8 ( 3 . 5 -  to 
6-fo ld )  t h a n  in  soi l  2 ( 1 . 5 - f o l d )  ( F i g u r e  3 .45  a n d  T a b l e  A 3 . 4 1 ) .
a. F i r s t  hocves t
Soi I 2 Soi I. 8 Soil 2 Soil 8
PRG SPECIES .WC.
F i g u r e  3 .45 :  H e r b a g e  Cu  c o n c e n t r a t i o n  (m g k g -1 DM) of PRG a n d
WC g r o w n  on  so i l s  2 a n d  8 with  a n d  w i th o u t  a d d e d  Cu  
(10  k g  Cu h a - 1 ) .
160.
y ie ld  of  c e r e a l s  o r  ill h e a l t h  in  s h e e p  a n d  c a t t l e "  ( h o w e v e r ,  t h e  a p p l i c ­
ab i l i ty  of t h i s  l imit to  g r a s s  C u  r e q u i r e m e n t s  is  n o t  k n o w n ) ,  an d  th e  
SA C /SA R I  t h r e s h o l d  f o r  C u  d e f i c i e n t  soi l s  of  0 .8  mg k g -1 a i r - d r y  soil  
( f o r  m ine ra l  so i l s  a t  pH 6 . 0 ) .
Copper
Cu a d d i t i o n  i n c r e a s e d  h e r b a g e  C u  c o n c e n t r a t i o n  f o r  WC a n d  PRG 
g ro w n  in soil  8 a n d  f o r  PRG g r o w n  in  soil  2, b u t  n o t  f o r  WC g ro w n  
in soil 2; t h e  r e l a t i v e  i n c r e a s e  w a s  m u c h  g r e a t e r  in  soi l 8 ( 3 . 5 -  to 
6-fold)  t h a n  in  soi l  2 ( 1 . 5 - f o l d )  ( F i g u r e  3 .45  a n d  T a b l e  A 3 . 4 1 ) .
a. F irst harvest12 T
F i g u r e  3 .45 :  H e r b a g e  Cu c o n c e n t r a t i o n  (m g  k g -1 DM) of  PRG a n d
WC g r o w n  on so i l s  2 a n d  8 with  a n d  w i th o u t  a d d e d  Cu 
(10  k g  Cu  h a - 1 ) .
161.
WC c o n t a i n e d  m ore  C u  t h a n  PRG f o r  all t r e a t m e n t s  a t  t h e  s e c o n d  
h a r v e s t  a n d  a l so  f o r  soi l 2 w i th  n o  a d d e d  Cu a t  t h e  f i r s t  h a r v e s t .  At  
t h e  f i r s t  h a r v e s t  f o r  soil  8 w i th  n o  a d d e d  Cu  t h e r e  w a s  n o  d i f f e r e n c e  
b e t w e e n  t h e  Cu  c o n t e n t s  of  PRG a n d  WC , w h e r e a s  f o r  b o t h  soi ls wi th  
a d d e d  Cu  PRG c o n t a i n e d  m ore  Cu  t h a n  WC. T h e  c o n c e n t r a t i o n  of  Cu  
i n c r e a s e d  b e t w e e n  t h e  h a r v e s t s  in  WC b u t  d e c r e a s e d  in  P R G .
Molybdenum
N .B .  T h e  i n t e r p r e t a t i o n  o f  r e s u l t s  a t  t h e  s e c o n d  h a r v e s t  ( F i g u r e  3 .4 6 b )  
is  n o t  s t r a i g h t f o r w a r d  b e c a u s e  t h e  v a l u e s  f o r  t h e  4 r e p l i c a t e s  w h e r e  
C u  f e r t i l i z e r  w as  a p p l i e d  a n d  WC g r o w n  in  soil  8 w e r e :  2 .4 ,  4 . 5 ,  41 .9
a n d  4 4 .3 .  N one  o f  t h e s e  v a l u e s  c o u l d  b e  d i s c a r d e d  a s  o b v i o u s  o u t l i e r s  
b u t  b e c a u s e  of  t h e i r  r a n g e  e q u a l  v a r i a n c e  d o e s  n o t  a p p l y  to t h e  a n a l y s i s  
of  v a r i a n c e .  A s t a n d a r d  e r r o r  w a s  c o m p u t e d  b y  h a n d  f o r  t h e  o t h e r  
s e v e n  t r e a t m e n t s .
T h e  a d d i t i o n  o f  C u  i n c r e a s e d  t h e  Mo c o n c e n t r a t i o n  of  WC b u t  
n o t  PRG a t  t h e  f i r s t  h a r v e s t  ( F i g u r e  3 .4 6 a )  a n d  a p p a r e n t l y  h a d  no  
e f f e c t  on e i t h e r  s p e c i e s  a t  t h e  s e c o n d  h a r v e s t  ( F i g u r e  3 .4 6 b )  wi th  t h e  
e x c e p t i o n  n o t e d  a b o v e .  T h e r e  w a s  n o  s p e c i e s  d i f f e r e n c e  in  Mo c o n c e n t r a ­
t ion  a t  t h e  f i r s t  h a r v e s t ,  a l t h o u g h  WC in soil  8 w ith  a d d e d  Cu a p p e a r e d  
to  c o n t a i n  more  Mo t h a n  PRG , b u t  a t  t h e  s e c o n d  h a r v e s t  PRG in soi l 2 
c o n t a i n e d  more  Mo t h a n  WC , a n d  n o  i n t e r p r e t a t i o n  c o u l d  b e  made f o r  
soil  8.  T h e  c o n c e n t r a t i o n  of  Mo in  PRG i n c r e a s e d  b e t w e e n  t h e  h a r v e s t s  
f o r  b o t h  soi l s  b y  c .  100% in soil  2 a n d  c .  80% in soil  8, w h i l s t  WC c o n ­
c e n t r a t i o n  in soil  2 d e c r e a s e d  b y  a  t h i r d  ( T a b l e  A 3 . 4 2 ) .
a. First harvest
SoiI 2 SoiI 8 SoiI 2 Soi i 8
PRG SPECIES WC
F i g u r e  3 .46 :  H e r b a g e  Mo c o n c e n t r a t i o n  (m g  k g -1 DM) of  PRG a n d
WC g r o w n  on  so i l s  2 a n d  8 wi th  a n d  w i t h o u t  a d d e d  Cu  
(10 k g  Cu h a - 1 ) .
163.
Su lp h u r
Cu a d d i t i o n  h a d  no  e f f e c t  o n  h e r b a g e  S c o n c e n t r a t i o n  at  e i t h e r  
h a r v e s t  ( F i g u r e  3 . 4 7 ) .  P l a n t s  g r o w n  in soil  2 on a v e r a g e  h a d  a h i g h e r  
S c o n t e n t  t h a n  p l a n t s  g r o w n  on  soi l  8.  A t  t h e  f i r s t  h a r v e s t  fo r  b o t h  
soi ls  PRG c o n t a i n e d  more  S t h a n  W C , b u t  a t  t h e  s e c o n d  t h e  c o n c e n t r a ­
t i o n s  in PRG a n d  WC w e r e  s im i la r  in  soi l  2, w h e r e a s  in  soi l 8 t h e  c o n ­
c e n t r a t i o n  o f  S in  WC was tw ice  t h a t  o f  P R G .  T h e  c o n c e n t r a t i o n  of  S 
in  PRG d e c r e a s e d  b e t w e e n  t h e  tw o  h a r v e s t s  ( a s  in  o t h e r  e x p e r i m e n t s )
a n d  al so f o r  WC in  soil  8, b u t  r e m a i n e d  u n c h a n g e d  f o r  WC in soil 2 . 
a. F i rsl harvesl
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F i g u r e  3 .47 :  H e r b a g e  S c o n c e n t r a t i o n  (% DM) of  PRG a n d  WC g ro w n
on  soi ls  2 a n d  8 w i th  a n d  w i th o u t  a d d e d  Cu (10 k g  Cu
h a  1) .
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2.6A E x p e r i m e n t  6 A : A n  invest igat ion  into the effect o f  two different
moisture  reg im es on the copper,  molybdenum,  
s u lp h u r  a n d  n itrogen  content  o f  soils 2 and  8 
in cuba ted  for three months at two p H s .
T h e  b a s i c  e x p e r i m e n t a l  d e s i g n  w a s :
2 so i l s  ( 2 ,  8) x  2 pH ( u n l i m e d  a n d  l imed -  lime l e v e l s  0 a n d  
1) x  2 m o i s t u r e  r e g i m e s  ( m o i s t ,  w a t e r l o g g e d  -  r e g i m e s  1 
a n d  2) x  3 r e p l i c a t e s ,  i n c u b a t e d  a t  20°C f o r  t h r e e  m o n t h s  
a n d  s a m p l e d  on d a y s  3, 10, 24, 53 a n d  94.  ( F u l l  d e t a i l s  a r e  
g i v e n  in  C h a p t e r  I I I ,  S e c t i o n  4 . 1 ) .
T h e  d a t a  f o r  al l soi l v a r i a b l e s  m e a s u r e d  a r e  p r e s e n t e d  a s  p l o t s  
of  t h e  v a r i a b l e  a g a i n s t  t ime ( n u m e r i c a l  v a l u e s  a r e  g i v e n  in  A p p e n d i x  
3 . 6 ) .  T h e  r e s u l t s  o f  t h e  c h e m ic a l  a n a l y s e s  a r e  g i v e n  on  a n  o v e n - d r y  
b a s i s ,  s in c e  t h e  a n a l y s e s  w e r e  p e r f o r m e d  on  f r e s h  soi l ;  t h e  r e s u l t s  
a r e  t h e r e f o r e  n o t  d i r e c t l y  c o m p a r a b l e  w i th  t h e  r e s u l t s  o f  o t h e r  e x p e r i ­
m e n t s  w h ic h  a r e  e x p r e s s e d  on a n  a i r - d r y  b a s i s  .
(a) Soil a n a ly s i s  
Moisture pe rcen tage
T h e r e  w a s  m ore  w a t e r  h e l d  in  soi l 8 t h a n  soil  2, a s  soil  8 c o n t a i n e d  
more  OM a n d  h e n c e  h a d  a  g r e a t e r  w a t e r  h o l d i n g  c a p a c i t y  ( T a b l e  3 . 1 1 ) .  
T h e  m o i s t u r e  p e r c e n t a g e  o f  t h e  w a t e r l o g g e d  t r e a t m e n t s  a p p a r e n t l y  
i n c r e a s e d  s l i g h t l y  d u r i n g  t h e  c o u r s e  o f  t h e  e x p e r i m e n t  b u t  t h i s  was 
p r o b a b l y  a r e f l e c t i o n  of  t h e  d i f f i c u l t i e s  e n c o u n t e r e d  in  s a m p l i n g  t h e s e  
we t  a n d  f l u i d  s o i l s .
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T a b le  3 .1 1 :  % M o i s t u r e  o f  so i l s  2 a n d  8 i n c u b a t e d  fo r  t h r e e  m o n th s
a t  20 °C e i t h e r u n l im e d o r  wi th a d d e d  lime a n d m a i n t a i n e d
a t  60 % FC o r  wa t e r l o g g e d .
Soil M o i s t u r e Lime
% H 20
r e g i m e 1 l e v e l 2 D a y  3 D ay  10 D a y  24 Day 53 Day 94
2 1 0 26 31 33 31 30
1 29 31 30 30 31
2 0 42 45 45 45 50
1 44 44 44 44 50
8 1 0 44 46 44 43 45
1 47 46 45 43 45
2 0 58 59 61 62 65
1 57 59 60 63 66
s . e . :  D a y  3 = 1 . 1 ,  D a y  10 = 1 . 0 ,  D a y  24 = 1 . 8 ,  D ay  53 = 1 . 3 ,
D a y  94 = 1.6
11, 2: 60% FC , w a t e r l o g g e d
20, 1: u n l i m e d ,  l imed  to  pH 6 . 0 .
pH  (fre sh  so il)
T h e  p H  o f  soil  8 was l o w e r  t h a n  t h e  pH o f  soi l 2 a t  all t im es  in  
t h e  u n l i m e d  so i l s  u n d e r  b o t h  m o i s t u r e  r e g i m e s  a n d  in  t h e  w a t e r l o g g e d  
l imed so i l ,  b u t  w a s  h i g h e r  in  t h e  mois t  (60% F C )  l imed soi l ( F i g u r e  3 . 4 8 ) .
A t  t h e  f i r s t  tw o  s a m p l i n g  t im es  ( d a y s  3 a n d  10) m o i s t u r e  r e g i m e '  
h a d  n o  e f f e c t  on  soi l  pH b u t  a t  24, 53 a n d  94 d a y s  t h e r e  was a n  e f f e c t ,  
p a r t i c u l a r l y  in  soi l 2. T h e  pH o f  w a t e r l o g g e d  u n l im e d  soi l 2 r o s e  s t e a d i l y  
f rom 3 .5  on  d a y  3 to  5 .3  on d a y  53 a n d  t h e n  d r o p p e d  s l i g h t l y  to  5 . 0 ,  
w h e r e a s  t h e  pH o f  t h e  mois t  u n l i m e d  ( c o n t r o l )  soi l  r e m a i n e d  c o n s t a n t  
a t  pH 3 .7  t h r o u g h o u t  t h e  i n c u b a t i o n  p e r i o d .  When soil  2 was l imed 
a n d  t h e n  i n c u b a t e d  moist  t h e  pH in i t i a l ly  d r o p p e d  ( 5 . 9  to  5 .5  b e t w e e n  
d a y s  3 a n d  53) a n d  t h e n  r e m a i n e d  s t e a d y ,  w h e r e a s  w h e n  it  was i n c u b a t e d
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w a t e r l o g g e d  t h e  pH in i t i a l l y  i n c r e a s e d  -  b u t  to  a m u c h  sm al le r  e x t e n t  
t h a n  h a d  b e e n  o b s e r v e d  in  t h e  u n l i m e d  soil  ( 6 . 0  to  6 .3  b e t w e e n  d a y s  
3 a n d  5 3 ) ,  a n d  t h e n  r e m a i n e d  s t e a d y  ( F i g u r e  3 . 4 8 a ) .  T h e  c h a n g e s  in 
soil  pH t h a t  o c c u r r e d  in  soi l  8 w e r e  v e r y  smal l in  c o m p a r i s o n  to  t h o s e  
in soil 2 ( F i g u r e  3 . 4 8 b )  w h i c h  m a y  b e  a t t r i b u t e d  to  t h e  h i g h e r  b u f f e r ­
i n g  c a p a c i t y  o f  soil  8 ( s e e  a l s o  T a b l e  A 3 . 4 4 ) .
a. Soi I 2 b. So i
F i g u r e  3 .4 8 :  p H  o f  so i l s  2 a n d  8 i n c u b a t e d  f o r  t h r e e  m o n t h s  a t  20°C 
e i t h e r  u n l i m e d  o r  w i th  a d d e d  lime a n d  m a i n t a i n e d  a t  60% 
F C  o r  w a t e r l o g g e d .
T h e  e f f e c t  o f  w a t e r l o g g i n g  w as  g r e a t e r  in  t h e  u n l im e d  t h a n  t h e  
l imed soil  b e c a u s e  t h e  l a t t e r  w a s  c l o s e r  to  t h e  p l a t e a u  o f  t h e  pH r e s p o n s e  
c u r v e .  P o n n a m p e r u m a  ( 1972,  1984) s t a t e s  t h a t  p H s  o f  w a t e r l o g g e d  
soi ls will s t a b i l i s e  a t  pH 6 .7  to  7 .2  w i th in  a few w e e k s  of  w a t e r l o g g i n g ,  
h o w e v e r  t h i s  w as  n o t  o b s e r v e d  h e r e .  A p o s s i b l e  r e a s o n  why  t h e  p H s
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d id  n o t  s t a b i l i s e  n e a r  n e u t r a l i t y  c o u l d  b e  b e c a u s e  o f  t h e  r e l a t i v e l y  h i g h  
OM a n d  low r e d u c i b l e  Fe c o n t e n t s  of  t h e  soil p r o d u c i n g  a n  a c i d i f y i n g  
e f f e c t  in t h e  soi ls  ( T a b l e  3 . 2 ) .
Extractab le  co p p e r
Soil 2 h a d  g r e a t e r  e x t r a c t a b l e  soi l C u  c o n t e n t s  t h a n  soil  8 ( a s  
in all t h e  e x p e r i m e n t s ) ,  t h e  r a n g e s  w e r e  1 .0  to  2 .9 ,  a n d  0 .16  to  0 .36  
mg C u  k g -1 o v e n - d r y  soi l r e s p e c t i v e l y ;  so  t h e  t w o  so i l s  w e r e  s e p a r a t e d  
f o r  t h e  s t a t i s t i c a l  a n a l y s i s  ( T a b l e  A 3 . 4 5 ) .
A l t h o u g h  t h e  a d d i t i o n  o f  lime d i d  a f f e c t  t h e  e x t r a c t a b l e  Cu  c o n t e n t  
of  soil  2 ( p  <0.05 on  d a y s  3 a n d  53,  p  < 0 .01  on  d a y  10,  p  <0.001 on 
d a y  24 a n d  n o n - s i g n i f i c a n t  on  d a y  94) t h e  e f f e c t  o f  c h a n g i n g  t h e  m o i s t u r e  
r e g i m e  w as  g r e a t e r  ( p  <0.001 a t  all  s a m p l i n g  t i m e s ) .  T h e  Cu  c o n t e n t  
of  t h e  mois t  u n l im e d  ( c o n t r o l )  soil  w as  u n a f f e c t e d  b y  i n c u b a t i o n  a n d  
r e m a i n e d  a t  2 . 2 -  2 .3  mg k g -1 o v e n - d r y  so i l ,  b u t  t h a t  o f  t h e  mois t  l imed 
soi l a f t e r  a n  i n i t i a l  smal l i n c r e a s e  ( 2 . 1  to  2 .3  m g  k g -1 o v e n - d r y  soil  
b e t w e e n  d a y s  3 a n d  10) d e c r e a s e d  s l i g h t l y  to  1 .9  m g  k g -1 b y  d a y  53 
a n d  t h e n  r e m a i n e d  c o n s t a n t .  I n  c o n t r a s t ,  in  b o t h  o f  t h e  w a t e r l o g g e d  
t r e a t m e n t s  t h e  soil  C u  c o n c e n t r a t i o n s  d r o p p e d  b y  a p p r o x i m a t e l y  a  h a l f  
b e t w e e n  d a y s  3 a n d  24, t h e n  i n c r e a s e d  s l i g h t l y  b e t w e e n  d a y s  24 a n d  
53 ( g r e a t e r  in  t h e  l imed soi l )  a n d  t h e n  d e c r e a s e d  a g a i n  b e t w e e n  d a y s  
53 a n d  94 ( g r e a t e r  in  t h e  u n l i m e d  soi l )  ( F i g u r e  3 . 4 9 a ) .
In  soi l  8 t h e r e  was l i t t l e  e f f e c t  e i t h e r  o f  l im ing  o r  o f  soil  w a t e r  
c o n t e n t  on  t h e  c o n c e n t r a t i o n s  o f  e x t r a c t a b l e  soil  C u  ( F i g u r e  3 . 4 9 b ) .
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F i g u r e  3 .4 9 :  E x t r a c t a b l e  C u  o f  so i l s  2 a n d  8 i n c u b a t e d  fo r  t h r e e  m o n t h s
a t  20°C e i t h e r  u n l i m e d  o r  w i th  a d d e d  l ime a n d  m a in ta in e d
a t  60% FC o r  w a t e r l o g g e d .
Extractab le  molybdenum
T h e  tw o  t r e a t m e n t s  a p p l i e d  ( l ime a d d i t i o n  a n d  v a r y i n g  soil w a t e r  
c o n t e n t s )  h a d  a g r e a t e r  e f f e c t  o n  t h e  e x t r a c t a b l e  soi l  Mo c o n c e n t r a t i o n  
o f  soil  2, t h a n  t h a t  o f  soi l 8 a l t h o u g h  in i t i a l ly  ( d a y  3) t h e y  b o t h  c o n ­
t a i n e d  s im i la r  Mo c o n c e n t r a t i o n s  ( T a b l e  A 3 . 4 6 ) .
T h e  Mo c o n c e n t r a t i o n  in  t h e  mois t  u n l i m e d  ( c o n t r o l )  t r e a t m e n t  
o f  soi l 2 c h a n g e d  l i t t l e  d u r i n g  t h e  i n c u b a t i o n ,  b u t  t h o s e  of t h e  o t h e r  
t h r e e  t r e a t m e n t s  d e c r e a s e d  b y  2? t o  6 t im e s  ( F i g u r e  3 . 5 0 a ) .  Liming 
i n c r e a s e d  t h e  e x t r a c t a b l e  Mo c o n t e n t  of  soi l  2 a n d  t h e  d i f f e r e n c e  becam e  
g r e a t e r  a s  t h e  l e n g t h  o f  i n c u b a t i o n  i n c r e a s e d .  T h e  s i g n i f i c a n c e  of 
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F i g u r e  3 .5 0 :  E x t r a c t a b l e  Mo o f  so i l s  2 a n d  8 i n c u b a t e d  f o r  t h r e e
m o n t h s  a t  20°C e i t h e r  u n l im e d  o r  w i th  a d d e d  lime a n d  
m a i n t a i n e d  a t  60% FC o r  w a t e r l o g g e d .
s ig n i f i c a n t  on  d a y  3,  p  <0.05 o n  d a y  10, p  <0 .01 o n  d a y  24, p <0.001 
on d a y s  53 a n d  94) a n d  w a t e r l o g g e d  t r e a t m e n t s  a l w a y s  c o n t a i n e d  more  
Mo t h a n  m ois t  t r e a t m e n t s  ( e x c e p t  o n  d a y  3) -  20-350% more  d e p e n d i n g  
on t h e  t r e a t m e n t  a n d  s a m p l i n g  t i m e .
T h e  e x t r a c t a b l e  soi l Mo c o n c e n t r a t i o n  o f  soi l  8 w as  l i t t le  a f f e c t e d  
b y  e i t h e r  l ime a d d i t i o n  o r  c h a n g i n g  soil  w a t e r  c o n t e n t s  ( F i g u r e  3 . 5 0 b ) .
Extractable  s u lp h a te - s u lp h u r
T h e  a m o u n t s  o f  e x t r a c t a b l e  soi l  S C \ 2_- S  in  t h e  moist  un l im ed  
(con tro l )  t r e a t m e n t s  of  soil  2 a n d  so i l  8 w e r e  s im i l a r  b u t  t h e r e  were  
d i f f e r e n c e s  in  t h e  o t h e r  t h r e e  t r e a t m e n t s  ( T a b l e  A 3 . 4 7 ) .
A l t h o u g h  lime a d d i t i o n  d i d  h a v e  a n  e f f e c t  on  soi l  SOi,2--S  c o n t e n t s  
t h e  e f f e c t  o f  w a t e r l o g g i n g  was g r e a t e r ,  o b s c u r i n g  t h e  e f f e c t  of  lime in
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t h e  w a t e r l o g g e d  s o i l s .  Lime a d d i t i o n  i n c r e a s e d  t h e  a m o u n t  of soil 
e x t r a c t a b l e  SOi*2 - - S  ( a l s o  o b s e r v e d  in  E x p e r i m e n t  1) b y  a b o u t  100% 
in b o t h  s o i l s .  W a t e r l o g g i n g  l e d  to  a  d e c l in e  in SOi(2 - - S  c o n c e n t r a t i o n s  
w hich  o c c u r r e d  p a r t i c u l a r l y  r a p i d l y  in  t h e  l imed t r e a t m e n t s  a n d  w as  
g r e a t e r  in soi l 2 t h a n  soi l 8.  B o t h  w a t e r l o g g e d  t r e a t m e n t s  in soil 2 
h a d  an  in i t i a l  i n c r e a s e  in  SCL2_- S  c o n c e n t r a t i o n s  (84% in t h e  l imed a n d  
28% in t h e  u n l i m e d )  b u t  a  s im i l a r  i n c r e a s e  w a s  n o t  o b s e r v e d  in  soil 8. 
Also w h e r e a s  in  soi l 2 t h e  S 0 42- - S  c o n t e n t s  r e a c h e d  t h e  lower  limit of  
detec t ion ,  in  soil  8 t h e y  s t a b i l i s e d  a t  c .  10 m g  k g -1 o v e n - d r y  soil  ( F i g u r e  
3 . 5 1 ) .
a .  Soi I 2 b. Soi I 8
F i g u r e  3 .5 1 :  E x t r a c t a b l e  S C \ 2 - - S  o f  so i l s  2 a n d  8 i n c u b a t e d  f o r  t h r e e
m o n t h s  a t  20°C e i t h e r  u n l im e d  o r  wi th  a d d e d  lime a n d  
m a i n t a i n e d  a t  60% FC o r  w a t e r l o g g e d .
As t h e  i n c u b a t i o n  p r o g r e s s e d  FI2S b e c a m e  d e t e c t a b l e  (w as  sm el t )  
in the  w a t e r l o g g e d  t r e a t m e n t s .  T h e  g a s  was f i r s t  n o t i c e a b l e  f rom soil  2, 
t h i s  is c o n s i s t e n t  wi th  t h e  s p e e d  a t  w h ic h  t h e  c o n c e n t r a t i o n  of  S ( \ 2 _- S  
t h a t  cou ld  b e  d e t e c t e d  d e c r e a s e d .
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Soil n itrogen  -  extractab le  ammonium a n d  nitrate
T h e  e x t r a c t a b l e  soi l NHi*+-N  a n d  N 0 3~-N c o n c e n t r a t i o n s  w e re  
m o n i to r e d  in  o r d e r  to  o b s e r v e  t h e  d e v e l o p m e n t  of  r e d u c i n g  c o n d i t i o n s  
( F i g u r e s  3 .52  a n d  3 . 5 3 ) .
Ammonium:
T h e  c o n c e n t r a t i o n s  of  e x t r a c t a b l e  soi l NH4+-N w e re  g r e a t e r  in 
soil 8 t h a n  soil  2, a n d  t h e  m a g n i t u d e  of  t h e  d i f f e r e n c e s  i n c r e a s e d  a s  
t h e  l e n g t h  o f  i n c u b a t i o n  i n c r e a s e d  ( T a b l e  A 3 . 4 8 ) .
T h e  a d d i t i o n  of  lime g e n e r a l l y  i n c r e a s e d  t h e  c o n c e n t r a t i o n s  of 
NHit+ , p a r t i c u l a r l y  f o r  soil  8 ( e x c e p t  soi l  2 mois t  on d a y s  53 a n d  94) 
b e c a u s e  t h e  p r o c e s s  of  m i n e r a l i z a t i o n  w as  f a v o u r e d .  T h e  e f f e c t  of  
w a t e r l o g g i n g  w as  smal l  -  t o w a r d s  t h e  e n d  o f  t h e  i n c u b a t i o n  of  soil  2 
w a t e r l o g g i n g  i n c r e a s e d  soi l NHi,+-N  c o n c e n t r a t i o n s ,  a n d  f o r  soil  8 w a t e r ­
lo g g e d  t r e a t m e n t s  a lw a y s  c o n t a i n e d  l e s s  NHi*+-N  t h a n  moist  t r e a t m e n t s  
( F i g u r e  3 . 5 2 ) .
Nitrate:
T h e  c o n c e n t r a t i o n s  of  e x t r a c t a b l e  soi l N 0 3~-N w e re  s imilar  in  
soi l 2 a n d  soi l  8 ,  a l t h o u g h  a t  t h e  f i r s t  tw o  s a m p l i n g  t im es  t h e  c o n c e n t r a ­
t ion  was h i g h e r  in  l imed soi l 8 t h a n  l imed soi l 2 ( T a b l e  A 3 . 4 9 ) .
T h e  c o n c e n t r a t i o n s  of  N 0 3~-N w e r e  g e n e r a l l y  a t  t h e  lower  l imits  
of d e t e c t i o n  in  t h e  u n l im e d  so i l s  b u t  w e r e  d e t e c t a b l e  in  t h e  l imed soi ls  
w h e r e  m i n e r a l i z a t i o n  h a d  b e e n  e n c o u r a g e d .  H e n c e  t h e  d i f f e r e n t  soil  
w a t e r  c o n t e n t s  h a d  n o  e f f e c t  o n  t h e  N 0 3_-N c o n t e n t  o f  u n l im e d  soi ls  
n o r  d id  t h e y  a f f e c t  t h e  N 0 3_- N  c o n t e n t s  of t h e  l imed soi ls  u n t i l  d a y s  
53 a n d  94 w h e n  t h e  N 0 3_ -N c o n c e n t r a t i o n s  of  t h e  mois t  soi l s  i n c r e a s e d  
f i v e - f o l d  while  t h o s e  of  t h e  w a t e r l o g g e d  soi ls r e m a i n e d  l i t t l e  c h a n g e d  
( F i g u r e  3 . 5 3 ) .
172.
a. So i I 2 b. So i I
F i g u r e  3 .5 2 : E x t r a c t a b l e  NH4 +-N  of  soi l s  2 a n d  8 i n c u b a t e d  fo r  t h r e e  
m o n t h s  a t  20°C e i t h e r  u n l im e d  o r  w i th  a d d e d  lime a n d  
m a i n t a i n e d  a t  60% FC o r  w a t e r l o g g e d .
a. Soi I 2
8.e. No I]me:
O. So Ì I 8
e. ©. No Ii me:
F i g u r e  3 .5 3 :  E x t r a c t a b l e  N 0 3- -N o f  soi ls  2 a n d  8 i n c u b a t e d  fo r  t h r e e
m o n t h s  a t  20°C e i t h e r  u n l im ed  o r  w i th  a d d e d  lime a n d  
m a i n t a i n e d  a t  60% FC o r  w a t e r l o g g e d .
173.
When a  soil  i s  w a t e r l o g g e d  a n a e r o b i c  c o n d i t i o n s  a r e  p r e s e n t  a n d  
h e n c e  m i n e r a l i z a t i o n  c a n n o t  c o n t i n u e  b e y o n d  t h e  p r o d u c t i o n  of  N H 3 ; t h e r e ­
f o r e ,  t h e  N H S c o n t e n t  o f  t h e  soi l i n c r e a s e s  o v e r a l l  s i n c e  t h e  r a t e  of  
immobi l i za t ion  o f  t h e  NFU+ i o n s  b y  ch e m ic a l  f i x a t i o n  ( a b s o r p t i o n  b y  
c l a y s  a n d  c o l l o i d s )  a n d  b io lo g ica l  im m obi l i za t ion ,  a n d  v o la t i l i z a t i o n  of  
N H 3 d o e s  n o t  e x c e e d  t h e  r a t e  o f  NHi,+ p r o d u c t i o n  b y  m i n e r a l i z a t i o n .
S ince  N 0 3~ i s  n o t  f o r m e d  in  w a t e r l o g g e d  so i ls  t h e  c o n c e n t r a t i o n  p r e s e n t  
r e m a i n s  u n a l t e r e d  a n d  may  e v e n  d e c r e a s e  s l i g h t l y  d u e  t o  d e n i t r i f i c a t i o n  
( P o n n a m p e r u m a , 1984) .
2 .6B E x p e r i m e n t  6 B : A n  in vest igat ion  into the effect o f  two watering
reg im es on the copper, m olybdenum  a n d  su lp h u r  
content o f  perenn ia l r y e g r a s s  grow n  in soils 
2 a n d  8 which had  p re v io u s ly  been subjected  
to d ifferent moisture regim es.
T h e  b a s i c  e x p e r i m e n t a l  d e s i g n  w as :
2 so i l s  ( 2 ,  8) x  3 p r e - t r e a t m e n t s  ( d r y ,  m o i s t ,  w a t e r l o g g e d )  
x  2 w a t e r i n g  r e g i m e s  ( c .  60% a n d  100% F C )  x  3 r e p l i c a t e s ;  
l imed  a n d  g r o w i n g  PRG f o r  36 d a y s  ( f u l l  d e t a i l s  a r e  g i v e n  in  
C h a p t e r  I I ,  S e c t io n  4 . 1 ) .
T h e  e x p e r i m e n t  w as  i n i t i a l l y  d e s i g n e d  to  look a t  WC a l s o ,  b u t  
t h e  g r o w t h  o f  t h i s  s p e c i e s  w as  so  p o o r  ( s e e  h e r b a g e  DM p r o d u c t i o n  
s e c t io n )  t h a t  i n s u f f i c i e n t  h e r b a g e  w a s  o b t a i n e d  f o r  ch e m ic a l  a n a l y s e s ,  
t h e r e f o r e  o n l y  PRG r e s u l t s  a r e  g i v e n .  T h e  r e s u l t s  o f  t h e  soil  a n a l y s e s  
a r e  p r e s e n t e d  a s  t a b l e s  a n d  t h o s e  o f  t h e  p l a n t  a n a l y s e s  a s  h i s t o g r a m s ;  
t h e  n u m e r i c a l  d a t a  i s  p r e s e n t e d  in  A p p e n d i x  3 . 6 .
174.
(a) Soil a n a ly s i s  
Moisture pe rcen tage
T h e  greater* w a t e r  h o l d i n g  c a p a c i t y  of  soi l  8 w as  r e f l e c t e d  in 
t h e  h i g h e r  m o i s t u r e  p e r c e n t a g e s  of  soi l  8 c o m p a r e d  to  soi l 2 ( T a b l e  
3 . 1 2 ) .
T a b le  3 .1 2 :  % M o is tu r e  o f  so i l s  2 a n d  8 in w h ic h  PRG w as  g r o w n  f o r
36 d a y s  a t  60% o r  100% FC a f t e r  t h e  so i l s  h a d  b e e n  s t o r e d  
d r y ,  mois t  o r  w a t e r l o g g e d  f o r  t h r e e  m o n t h s .
Soil
W a t e r i n g  
r e g i m e  
(% FC )
OO H 20
1D r y  
2 T 0 T l
Moist  
TO T l
W a te r lo g g e d  
TO T l
2 60 25 25 25 24 26 24
100 38 37 35 34 33 44
8 60 41 38 42 40 46 48
100 54 54 50 53 52 51
s . e .  : TO = 1 . 0 ,  T 1  = 1 .1
1Soil p r e - t r e a t m e n t
2 TO, T l :  d a y s  0 a n d  36 -  s t a r t  a n d  c o n c l u s i o n  o f  e x p e r i m e n t .
pH  (fre sh  so il)
A l t h o u g h  t h e r e  w e re  s i g n i f i c a n t  d i f f e r e n c e s  in  t h e  p H s  o f  d i f f e r e n t  
t r e a t m e n t s  a n d  t r e a t m e n t  c o m b i n a t i o n s  t h e  r e a l  d i f f e r e n c e s  w e r e  smal l 
a n d  n o t  of  p r i m a r y  i m p o r t a n c e  w i th  r e g a r d  to  t h e  e f f e c t s  of  t h e  t r e a t ­
m e n t s  on soil  a n d  p l a n t  C u ,  Mo a n d  S c o n c e n t r a t i o n s  ( T a b l e  3 . 1 3 ) .
T h e  m os t  n o t i c e a b l e  d i f f e r e n c e s  w e re  t h e  h i g h e r  p H s  a t  t h e  s t a r t  
a n d  c o n c l u s i o n  of  t h e  p r e - t r e a t m e n t  d r y  soil  c o m p a r e d  to  t h e  p r e - t r e a t ­
ment  mois t  a n d  p r e - t r e a t m e n t  w a t e r l o g g e d .  T h i s  d i f f e r e n c e  a r o s e  b e c a u s e  
t h e  lime a p p l i c a t i o n  to  t h e  p r e - t r e a t m e n t  d r y  soi l w as  m ade  two w e e k s
175.
b e f o r e  t h e  s t a r t  of  t h e  e x p e r i m e n t  r a t h e r  t h a n  f o u r  m o n t h s  a s  f o r  t h e  
o t h e r  two  p r e - t r e a t m e n t s .  A n o t h e r  n o t e w o r t h y  d i f f e r e n c e  was t h e  
m a r g i n a l l y  h i g h e r  pH a t  t h e  e n d  of  t h e  e x p e r i m e n t  f o r  t h e  soi ls w h ic h  
h a d  b e e n  m a i n t a i n e d  a t  c.  100% FC r a t h e r  t h a n  60% F C .
T a b le  3 .1 3 :  pH ( f r e s h )  of  so i l s  2 a n d  8 in  w h ic h  PRG was g r o w n  fo r
36 d a y s  a t  60% o r  100% FC a f t e r  t h e  so i l s  h a d  b e e n  s t o r e d
d r y ,  mois t  o r  w a t e r l o g g e d  f o r  t h r e e  m o n t h s .
Soil
W a te r in g  
r e g im e  
(% F C )
Soil pH  ( f r e sh )
1 D r y  
2T 0  T l
Moist  
TO T l
W a te r lo g g e d  
TO T l
2 60 6 .0 5 .7 5.4 5 .5 5 .5 5 . 4 "
100 6 .0 5.8 5.4 5 .7 5.5 5.6
8 60 6 .2 5 .7 5 .3 5 .3 5.8 5 .5
100 6 .0 5 .7 5.3 5 .6 5.8 5.6
s . e . : TO = 0 .0 7 , T l  = 0 .03
1Soil p r e - t r e a t m e n t
2T 0 ,  T l :  d a y s  0 a n d  36 -  s t a r t  a n d  c o n c l u s i o n  of
e x p e r i m e n t .
T h e  pH o f  t h e  mois t  i n c u b a t e d  soil  2 h a d  n o t  a l t e r e d  from t h a t  
a t  t h e  e n d  of  P a r t  A o f  t h e  e x p e r i m e n t ,  b u t  t h e  pH o f  soil  8 h a d  d e c r e a s e d  
b y  0 .5  u n i t  a l t h o u g h  it  h a d  r e m a i n e d  r e l a t i v e l y  s t a b l e  t h r o u g h o u t  m os t  
o f  t h e  i n c u b a t i o n  ( F i g u r e  3 . 4 8 ) .  F o r  t h e  w a t e r l o g g e d  soi ls  t h e  s i t u a t i o n  
was  r e v e r s e d ;  w h e r e a s  t h e  pH of  soi l 2 w a s  r e d u c e d  ( b y  0 .7  u n i t )  on  
r e o x i d a t i o n  ( u s i n g  u p  H + i o n s )  t h a t  o f  soi l 8 w a s  u n a l t e r e d .
Extractab le  copper
T h e  e x t r a c t a b l e  soil C u  c o n c e n t r a t i o n  w a s  l o w e r  in soil  8 t h a n  in 
soil  2. T h e r e  was n o  d i f f e r e n c e  in  soi l C u  c o n c e n t r a t i o n s  b e t w e e n  t h e
176.
two w a t e r i n g  r e g i m e s  in  e i t h e r  soi l  f o r  a n y  p r e - t r e a t m e n t ,  b u t  t h e r e  
was a n  e f f e c t  of  p r e - t r e a t m e n t  -  w a t e r l o g g e d  > m o is t  -  d r y .  T h e  e f f e c t  
of  p r e - t r e a t m e n t  w as  l a r g e r  in  soi l  2 t h a n  soi l  8 ( d r y / m o i s t  to  w a t e r ­
l o g g e d  300% d i f f e r e n c e  in  soi l 2 c . f .  60% in soil  8 ) ;  b u t  was sm al le r  
a t  t h e  e n d  of  t h e  e x p e r i m e n t  t h a n  t h e  s t a r t  f o r  b o t h  so i l s  d u e  to  d e c ­
r e a s e d  C u  c o n t e n t s  of  t h e  w a t e r l o g g e d  so i l s  ( T a b l e  3 . 1 4 ) .
T a b le  3 .1 4 :  E x t r a c t a b l e  C u  o f  so i l s  2 a n d  8 in  w h i c h  PRG was g r o w n
f o r  36 d a y s  a t  60% o r  100% FC a f t e r  t h e  so i l s  h a d  b e e n  
s t o r e d  d r y ,  m o is t  o r  w a t e r l o g g e d  f o r  t h r e e  m o n t h s .
W a te r in g  
r e g im e  
(% F C )
Extractab le soil C u  (mg k g  1 o v e n -d r y  soil)
Soil +D r y  
2T 0  T 1
Moist  
TO T 1








2 . 0  1 .8  
1 . 9 "  1 .8
6 .8  5 .2  







0 .2 8  0 .2 5  
0 .2 7  0.24
0 .46 0.32  
0 .45"  0 .34
s . e . :  Soil 
Soil
2 TO = 0 .19  
8 TO = 0 .025




TSoil p r e - t r e a t m e n t
2T 0 ,  T 1: d a y s  0 a n d  36 -  s t a r t  a n d  c o n c l u s i o n  o f  e x p e r i m e n t .
Extractab le  molybdenum
T h e  e x t r a c t a b l e  soil  Mo c o n c e n t r a t i o n  w a s  l o w e r  in  soil 8 t h a n  
in  soil  2 ( e x c e p t  f o r  p r e - t r e a t m e n t  d r y  a t  t h e  s t a r t  o f  t h e  e x p e r i m e n t ) ;  
a n d  t h e  s i ze  o f  t h e  d i f f e r e n c e  w a s  l a r g e r  a t  t h e  e n d  o f  e x p e r i m e n t ,  
b e c a u s e  w h e r e a s  t h e  Mo c o n t e n t  o f  soi l  2 i n c r e a s e d  t h a t  o f  soil  8 d e c ­
r e a s e d  ( T a b l e  3 . 1 5 ) .
177.
T a b le  3 .1 5 :  E x t r a c t a b l e  Mo of  so i l s  2 a n d  8 in  w h ic h  PRG was g r o w n
f o r  36 d a y s  a t  60% o r  100% FC a f t e r  t h e  so i l s  h a d  b e e n  
s t o r e d  d r y ,  m o is t  o r  w a t e r l o g g e d  f o r  t h r e e  m o n t h s .
W a t e r i n g  
r e g i m e  
(% F C )
Extra ctab le  soil Mo (mg k g  1 o v e n -d r y  soil)
Soil ‘f 'Dry Moist  
2 T 1 TO T 1 TO




0 .0 4 6  0 .0 6 0  0 .053  
0 .0 5 6  0 .0 6 4  0 .051
0 .055
0 .076




0 .0 6 3  0 .0 4 4  0 .029  
0 .0 5 4  0 .0 3 7  0 .035
0 .0 2 2 "
0 .019
0.042" 0 .022  
0 .031 0 .025
s . e . :  TO = 0 .0 0 3 9 ,  T1  = 0 .0043
'f'Soil p r e - t r e a t m e n t
2T 0 ,  T1 = d a y s  0 a n d  36 -  s t a r t  a n d  c o n c l u s i o n  o f  e x p e r i m e n t .
W a t e r i n g  r e g i m e  h a d  n o  e f f e c t  on  soil  Mo c o n t e n t  b u t  t h e  p r e ­
t r e a t m e n t  t h a t  h a d  b e e n  a p p l i e d  d i d ;  g e n e r a l l y  f o r  soil  2 t h e  o r d e r  
w as  w a t e r l o g g e d  > moist  -  d r y  a n d  f o r  soi l  8 t h e  o r d e r  w a s  d r y  > moist  
-  w a t e r l o g g e d .
Extractab le  s u lp h a te - su lp h u r
T h e r e  w as  n o  d i f f e r e n c e  b e t w e e n  t h e  e x t r a c t a b l e  soi l  S ( \ 2 - S 
c o n c e n t r a t i o n s  of  soi l s  2 a n d  8 a t  t h e  s t a r t  o f  t h e  e x p e r i m e n t ,  b u t  a t  
t h e  c o n c l u s i o n  soi l 8 c o n t a i n e d  l e s s  t h a n  soi l  2 ( e x c e p t  p r e - t r e a t m e n t  
mois t  m a i n t a i n e d  a t  60% F C )  ( T a b l e  3 . 1 6 ) .
B y  t h e  e n d  o f  t h e  e x p e r i m e n t  t h e  SOit2_S c o n t e n t  w as  more  in 
t h e  soi ls w h ic h  h a d  b e e n  m a i n t a i n e d  a t  60% FC t h a n  t h o s e  w hich  h a d  
b e e n  m a i n t a i n e d  a t  100% FC -  b y  40 t o  90% ( t h e r e  was no  d i f f e r e n c e  
f o r  soi ls p r e - t r e a t m e n t  w a t e r l o g g e d )  . T h e  e f f e c t  of  p r e - t r e a t m e n t  was  
moist  > d r y  > w a t e r l o g g e d  w i th  r e g a r d  to  SOit2_S c o n c e n t r a t i o n s  f o r  b o t h  
so i l s .
178.
T h e r e  w as  a  g e n e r a l  d e c l i n e  in  t h e  c o n c e n t r a t i o n  of  e x t r a c t a b l e  
soil SOi*2_- S  b e t w e e n  t h e  s t a r t  a n d  c o n c l u s i o n  o f  t h e  e x p e r i m e n t .
T a b le  3 .1 6 :  E x t r a c t a b l e  S 0 4 2~-S  o f  so i l s  2 a n d  8 in  w h ich  PRG was
g r o w n  f o r  36 d a y s  a t  60°C o r  100% FC a f t e r  t h e  soi ls  h a d  
b e e n  s t o r e d  d r y ,  m o is t  o r  w a t e r l o g g e d  f o r  t h r e e  m o n t h s .
Extra ctab le  soil S O t,2 - S  (mg k g  1 o v e n -d r y  soil)
+ D r y  Moist  W a te r lo g g e d
2T 0  T 1  TO T 1  TO T1
2 60 50 40 59 53 37 28
100 51 25 60 28 38 17
8 60 42 17 78 48 28 13
100 44 9 68 30 27" 11
s . e . :  TO = 2 . 8 ,  T 1  = 2 .0
+ Soil p r e - t r e a t m e n t
2T 0 ,  T 1  = d a y s  0 a n d  36 -  s t a r t  a n d  c o n c l u s i o n  o f  e x p e r i m e n t .
(b )  H erbage  a n a ly s is  
D r y  matter p roduct ion
T h e r e  w e r e  v e r y  l a r g e  d i f f e r e n c e s  in t h e  a m o u n t s  of h e r b a g e  
p r o d u c e d  b y  WC a n d  PRG . WC p r o d u c e d  m u c h  l e s s  h e r b a g e  t h a n  PRG , 
d e s p i t e  b e i n g  h a r v e s t e d  o n e  w e e k  l a t e r ,  a n d  g e n e r a l l y  d id  n o t  p r o d u c e  
s u f f i c i e n t  h e r b a g e  f o r  c h e m ic a l  a n a l y s i s  ( T a b l e  3 . 1 7 ) .  DM p r o d u c t i o n  
w as  b e t t e r  f o r  b o t h  s p e c i e s  in  soi l  8 r a t h e r  t h a n  in  soi l 2, a n d  in p o t s  
k e p t  a t  100% FC r a t h e r  t h a n  a t  60% FC w h e r e  w a t e r  s u p p l y  h a d  o b v i o u s l y  
b e e n  a  l im i ta t i on  to  p r o d u c t i o n .
T h e r e  w as  m ore  h e r b a g e  p r o d u c e d  in t h e  p r e - t r e a t m e n t  d r y  p o t s  
t h a n  in e i t h e r  of  t h e  o t h e r  tw o  p r e - t r e a t m e n t s .  T h i s  was  p r o b a b l y  
b e c a u s e  a l t h o u g h  all p o t s  h a d  b a s a l  NPK f e r t i l i z e r  a d d e d  a t  t h e  s t a r t  of
W a t e r i n g  
Soil r e g i m e
(% F C )
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T a b le  3 .1 7 :  H e r b a g e  DM p r o d u c t i o n  of  PRG a n d  WC g r o w n  in so i l s
2 a n d  8 f o r  36 a n d  43 d a y s  r e s p e c t i v e l y  a t  60% o r  100% 
FC a f t e r  t h e  so i l s  h a d  b e e n  s t o r e d  d r y ,  mois t  o r  w a t e r -  
l o g g d  f o r  t h r e e  m o n t h s .
H e rbag e  DM p roduct ion (g  p o t - 1)
Soil
W a t e r i n g  
r e g i m e  
(% F C ) +D r y
PRG
Moist W a te r ­l o g g e d D r y
WC
Moist W a t e r ­l o g g e d
2 60 1.16 0 .6 5 0 .29 0.18 0 .05 0 . 0 2
100 2.93 2 .86 1.68 1.24 0.54 0 .0 8
8 60 2.22 1 .11 1.22 0 .44 0.19 0 .0 9
100 4 .27 3 .18 3 .15 2 .1 1 0.52 1.11
s . e . : PRG = 0 .1 0 3 , WC = 0 .073
+ Soil p r e - t r e a t m e n t .
E x p e r i m e n t  6B t h e  a v a i l a b i l i t y  o f  o t h e r  n u t r i e n t s  h a d  b e e n  a f f e c t e d  
b y  t h e  m o i s t / w a t e r l o g g e d  i n c u b a t i o n  p e r i o d .  T h e r e  w o u ld  a l so  h a v e  
b e e n  an  i n i t i a l  f l u s h  of  m i n e r a l i z a t i o n  a n d  n u t r i e n t  r e l e a s e  w h e n  t h e  d r y  
soil  was r e  w e t t e d  f o r  p l a n t  g r o w t h  ( t h e  ' B i r c h '  e f f e c t )  , t h i s  f l u s h  w o u ld  
h a v e  o c c u r r e d  a t  t h e  s t a r t  o f  t h e  i n c u b a t i o n  p e r i o d  f o r  t h e  o t h e r  tw o  
p r e - t r e a t m e n t s .  F o r  PRG g r o w n  in  soil  8 s im il a r  a m o u n t s  of  h e r b a g e  
w e re  p r o d u c e d  fr om  t h e  m ois t  a n d  w a t e r l o g g e d  p r e t r e a t e d  p o t s  b u t  f o r  
soil  2 mois t  > w a t e r l o g g e d .
Copper
T h e  c o n c e n t r a t i o n  of  h e r b a g e  C u  was  3 to  6 t im e s  g r e a t e r  in  
PRG g r o w n  in  soil  2 r a t h e r  t h a n  in  soil  8 ( T a b l e  3 . 5 0 ) .  W a te r in g  r e g im e  
d id  n o t  a f f e c t  t h e  Cu  c o n t e n t  o f  PRG g r o w n  in soi l 8 b u t  fo r  soil  2 p l a n t s  
g ro w n  a t  100% FC c o n t a i n e d  l e s s  C u  t h a n  p l a n t s  g r o w n  a t  60% FC ( F i g u r e  
3 . 5 4 ) .  In  b o t h  so i l s  p l a n t s  g r o w n  in  t h e  p r e - t r e a t m e n t  w a t e r l o g g e d
180.
soil c o n t a i n e d  more  Cu  t h a n  p l a n t s  g r o w n  in  t h e  d r y  o r  mois t  p r e - t r e a t ­
m e n t  s o i l s .  T h e r e  w as  a n  a p p a r e n t  i n t e r a c t i o n  o f  p r e - t r e a t m e n t  a n d  
w a t e r i n g  r e g i m e  in  soi l 2, p o t s  a t  60% FC w a t e r l o g g e d  > d r y  > moist  
b u t  fo r  p o t s  a t  100% FC w a t e r l o g g e d  > m ois t  > d r y .  T h e  o r d e r  in  soil  
8 was w a t e r l o g g e d  > d r y  > m o i s t .
a. So i I 2 b. So i I 8
REGIME REGIME
F i g u r e  3 . 5 4 :  H e r b a g e  C u  ( m g  k g -1 DM) c o n c e n t r a t i o n  o f  PRG g r o w n
in  so i l s  2 a n d  8 f o r  36 d a y s  a t  60% o r  100% FC a f t e r  t h e  
so i l s  h a d  b e e n  s t o r e d  d r y ,  m o is t  o r  w a t e r l o g g e d  f o r  t h r e e  
m o n t h s .
M olybdenum
T h e  h e r b a g e  Mo c o n c e n t r a t i o n  o f  PRG g r o w n  in  soi l 2 was g r e a t e r  
t h a n  t h a t  o f  PRG g r o w n  in soi l 8 ( b y  70 to 300%) ( T a b l e  A 3 . 5 1 ) .  W a te r ­
in g  r e g im e  h a d  n o  e f f e c t  on t h e  Mo c o n t e n t  o f  PRG g r o w n  in soil 2 b u t  
f o r  p l a n t s  g r o w n  in  soil  8 ’ t h o s e  m a i n t a i n e d  a t  100% FC c o n t a i n e d
l e s s  Mo t h a n  t h o s e  m a i n t a i n e d  a t  60% FC ( F i g u r e  3 . 5 5 ) .
181.
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F i g u r e  3 .5 5 :  H e r b a g e  Mo ( m g  k g -1 DM) c o n c e n t r a t i o n  o f  PRG g r o w n
in soi ls  2 a n d  8 f o r  36 d a y s  a t  60% o r  100% FC a f t e r  t h e  
soi ls  h a d  b e e n  s t o r e d  d r y ,  m o is t  o r  w a t e r l o g g e d  f o r  t h r e e  
m o n t h s .
T h e  e f f e c t  o f  p r e - t r e a t m e n t  w a s  d i f f e r e n t  i n  t h e  tw o  soils a n d  
f o r  soi l 8 t h e r e  s e e m e d  to  b e  a n  i n t e r a c t i o n  w i t h  w a t e r i n g  r e g i m e .  In  
soi l 2 t h e  o r d e r  w a s :  d r y  > m o i s t  > w a t e r l o g g e d ;  a n d  f o r  soil 8: p o t s
a t  60% FC d r y  -  w a t e r l o g g e d  > m o i s t ,  a n d  p o t s  a t  100% FC d r y  > w a t e r ­
l o g g e d  > m o i s t .
S u lp h u r
T h e  h e r b a g e  S c o n c e n t r a t i o n  w a s  g r e a t e r  f o r  p l a n t s  g ro w n  in 
soil  2 t h a n  soi l  8 f o r  t h e  d r y  a n d  w a t e r l o g g e d  p r e - t r e a t m e n t s  b u t  l e s s  
f o r  t h e  mois t  p r e - t r e a t e d  soil  m a i n t a i n e d  a t  100% FC a n d  no d i f f e r e n t  
fo r  t h i s  p r e - t r e a t m e n t  m a i n t a i n e d  a t  60% FC ( T a b l e  A 3 .  52 ) .  P l a n t s  
g ro w n  a t  100% FC c o n t a i n e d  l e s s  S t h a n  p l a n t s  g r o w n  a t  60% FC fo r  
b o t h  soi l s  a n d  all p r e - t r e a t m e n t s  ( F i g u r e  3 . 5 6 ) .
182.
T h e  e f f e c t  t h a t  soil p r e - t r e a t m e n t  h a d  on  p l a n t  S c o n t e n t  v a r i e d  
with  th e  tw o  s o i l s :  fo r  soil  2 t h e  o r d e r  w as  d r y  -  w a t e r l o g g e d  > moist
a n d  fo r  soi l 8 mois t  > d r y  > w a t e r l o g g e d .
a. So i I 2 b. So i I PRE-TRERTMENT:
REGIME REGIME
F i g u r e  3. 56 : H e r b a g e  S (% DM) c o n c e n t r a t i o n  o f  PRG g r o w n  in soi ls 
2 a n d  8 f o r  36 d a y s  a t  60% o r  100% FC a f t e r  t h e  soils 
h a d  b e e n  s t o r e d  d r y ,  m o is t  o r  w a t e r l o g g e d  fo r  t h r e e  
m o n t h s .
C H A P T E R  IV 
D i s c u s s i o n
184.
T h e  fo l lowing  c h a p t e r  will c o n s i d e r  t h e  main  o b s e r v a t i o n s  f rom 
t h e  e x p e r i m e n t a l  w o r k  p r e s e n t e d  in  t h i s  t h e s i s .  T h e  d i s c u s s i o n  will 
b e  c o n s t r u c t e d  in  a  s imi la r  m a n n e r  to  t h e  L i t e r a t u r e  R ev iew  ( C h a p t e r  I) 
c o n s i d e r i n g ,  in  t u r n ,  t h e  v a r i o u s  f a c t o r s  t h a t  i n f l u e n c e ,  o r  a r e  a f f e c t e d  
by_,hill l a n d  i m p r o v e m e n t .  T h e  s e c t i o n  f o r  e a c h  f a c t o r  will c o n s i d e r ,  
f o r  e a c h  v a r i a b l e  u n d e r  c o n s i d e r a t i o n  ( g e n e r a l l y  C u ,  Mo a n d  S c o n c e n t r a ­
t i o n s )  : f i r s t  t h e  soil  a s p e c t s  a n d  t h e n  t h e  p l a n t  a s p e c t s  a n d  soil x
p l a n t  r e l a t i o n s h i p s .  T h e  p e n u l t i m a t e  s e c t i o n  o f  t h e  c h a p t e r  will c o n s i d e r  
how t h e  v a r i o u s  f a c t o r s  s t u d i e d  h a v e  a f f e c t e d  t h e  a v a i l a b i l i t y  of  h e r b a g e  
Cu  to  g r a z i n g  s h e e p  -  r e l a t i n g  h e r b a g e  C u ,  Mo a n d  S c o n c e n t r a t i o n s ;  
f in a l ly  a  b r i e f  s u m m a r y  d i s c u s s i o n  will b e  p r e s e n t e d  i n c o r p o r a t i n g  s u g ­
g e s t i o n s  f o r  f u t u r e  w o r k .
1. SOIL
I n  t h e  m a jo r i t y  o f  t h e  e x p e r i m e n t s  p r e s e n t e d  in  t h i s  t h e s i s  on ly  
soi ls  2 ( G l e n s a u g h ,  B i r n i e )  a n d  8 ( S o u r h o p e ,  P e a t y  Podzo l )  w e re  u s e d ,  
a l t h o u g h  in  E x p e r i m e n t  2 soil  4 ( H a r t w o o d )  w a s  a l s o  u s e d  a n d  in E x p e r i ­
m en t  1A al l n i n e  so i ls  w e r e  s t u d i e d .  T h e r e f o r e ,  s i n c e  more  in f o r m a t io n  
is  a v a i l a b l e  a b o u t  t h e  e f f e c t  o f  soi l  t y p e  on  t h e  soi l  a n d  p l a n t  r e s p o n s e s  
to  t h e  v a r i o u s  t r e a t m e n t s  a p p l i e d  f o r  so i l s  2 a n d  8,  t h e  fo l low ing  d i s c u s ­
s ion  will g iv e  s l i g h t l y  more  w e i g h t  t o  t h e  r e s p o n s e s  o f  t h e s e  two  soi ls  
t h a n  to  t h e  r e s p o n s e s  of  t h e  o t h e r  s e v e n  s o i l s .
Soil pH
T h e  p H s  ( m e a s u r e d  in  0 .01M C a C l 2) o f  t h e  u n a m e l i o r a t e d  soi ls  
r a n g e d  from 3 .2  to  4 .8  ( m e d i a n  3 . 7 )  ( T a b l e  3 . 2 ) .  T h e  two  h i g h e s t  p H s  -
4 .8  a n d  4 . 4  -  w e re  t h o s e  of  so i l s  3 a n d  9 r e s p e c t i v e l y ,  t h e  f o rm e r  soil 
was  k n o w n  to  h a v e  b e e n  i m p r o v e d  a n d  i t  was t h o u g h t  t h a t  lime h a d
185.
p r o b a b l y  b e e n  a p p l i e d  to  t h e  l a t t e r .  H o w e v e r ,  in  all e x p e r i m e n t s  e x c e p t  
in  E x p e r i m e n t  1 a t  lime l ev e l  0,  t h e  so i l s  w e r e  l imed to  common p H s  
a n d  a l t h o u g h  s i g n i f i c a n t  d i f f e r e n c e s  w e r e  f r e q u e n t l y  r e c o r d e d  b e t w e e n  
t h e  p H s  of  d i f f e r e n t  t r e a t m e n t s ,  a t  t h e  same lime l e v e l ,  t h e  a c t u a l  s i z e s  
of  t h e  d i f f e r e n c e s  w e r e  smal l ( e x c e p t  f o r  t h e  b e t w e e n  s p e c i e s  d i f f e r e n c e ,  
se e  C h a p t e r  I I I ,  S e c t io n  2 . 2 ) .  H e n c e  t h e  e f f e c t  o f  pH w ou ld  n o t  h a v e  
b e e n  a  ma jor  f a c t o r  c o n t r i b u t i n g  t o  t r e a t m e n t  d i f f e r e n c e s  within  a  lime 
lev e l .
T h e  soi l  p H s  w e r e  m e a s u r e d  in  0 .01M C a C l 2 ( a f t e r  S c h o f ie ld  a n d  
T a y l o r ,  1955) r a t h e r  t h a n  in  d i s t i l l e d  w a t e r  a s  t h e  f o r m e r  m e th o d  g i v e s  
a  pH c l o s e r  to  t h a t  o f  t h e  soi l  s o l u t i o n  t h a n  t h e  l a t t e r  m e t h o d  -  b e c a u s e  
t h e  C a C l 2 i s  a t  a  s im i la r  c o n c e n t r a t i o n  to  t h e  soi l s o l u t i o n  w h ich  a v o i d s  
t h e  p r o b l e m s  of  e x c h a n g i n g  c a t i o n s  ( s e e  R u s s e l l  (1973)  f o r  d i s c u s s i o n  
of  t h i s  p o i n t ) .  H o w e v e r ,  a l t h o u g h  C a C l 2 w as  u s e d  i t  was s t i l l  t h e  pH 
of  th e  b u l k  soi l t h a t  was m e a s u r e d  a n d  n o t  t h a t  o f  t h e  r h i z o s p h e r e ,
i . e .  t h e  pH of  t h e  s o lu t i o n  a r o u n d  t h e  r o o t  s u r f a c e ,  a n d  i t  i s  t h e  r h i z o ­
s p h e r e  pH w h ic h  will h a v e  a  k e y  i n f l u e n c e  on  p l a n t  n u t r i e n t  u p t a k e .
N ye  (1981)  h a s  s t a t e d  t h a t  r h i z o s p h e r e  pH may d i f f e r  f rom t h a t  o f  t h e  
b u l k  so i l ,  j u s t  a  few m i l l im e t r e s  a w a y  b y  1-2 pH u n i t s ;  w h e t h e r  t h e  
d i f f e r e n c e  i s  p o s i t i v e  o r  n e g a t i v e  will d e p e n d  on  t h e  p l a n t  s p e c i e s  b e i n g  
g r o w n ,  t h e  N s o u r c e  a n d  t h e  b u f f e r i n g  c a p a c i t y  o f  t h e  soi l .
T h e  b u f f e r i n g  c a p a c i t y  o f  a  soil  i s  d e p e n d e n t  u p o n  t h e  a m o u n t  of  
e x c h a n g e a b l e  c a t i o n s  p r e s e n t  i n  t h e  so i l ,  p a r t i c u l a r l y  H + a n d  A l 3+ a n d  
a lso on t h e  a m o u n t  o f  OM p r e s e n t  s i n c e  t h i s  will c o n t a i n  m a n y  p o t e n t i a l  
s i t e s  fo r  H + /O H _ a d s o r p t i o n  a n d  e x c h a n g e .  T h e  g r e a t e r  t h e  b u f f e r i n g  
c a p a c i t y  o f  a  soi l ,  i . e .  t h e  h i g h e r  i t s  CEC a n d  OM c o n t e n t ,  t h e  more  
lime will b e  r e q u i r e d  to  e f f e c t  a  g i v e n  r i s e  of  pH a n d  o v e rc o m e  t h e  
"ava i lab le  a c i d i t y " .
186.
Of t h e  n i n e  so i l s  s t u d i e d  in  E x p e r i m e n t  1 A , so i l s  6 a n d  8 -  t h e  
p e a t  a n d  t h e  p e a t y  p o d z o l  -  r e q u i r e d  t h e  g r e a t e s t  l ime add i t io n s  to  r a i s e  
t h e i r  p H s  fr om  n a t u r a l  to  a b o u t  5 . 0 -  17.4 a n d  1 1 .1  mg lime k g -1 o v e n -  
d r y  soi l r e s p e c t i v e l y  ( c a l c u l a t e d  f rom  T a b l e s  3 . 2  a n d  A l . l ) .  T h e  l a r g e  
lime a d d i t i o n s  w e r e  n o t  a r e f l e c t i o n  o f  t h e  low n a t u r a l  p H s  of  t h e  s o i l s ,  
w h ic h  w e r e  3 .0  f o r  soi l 6 a n d  3 .4  f o r  soil  8 ( T a b l e  A 3 . 1 ) ,  s i n c e  soi ls  
4 a n d  7 w h i c h  h a d  n a t u r a l  p H s  o f  3 .3  a n d  3 .5  r e q u i r e d  o n ly  a b o u t  a 
q u a r t e r  to  a  h a l f  a s  m u c h  lime -  4 .8  a n d  5 .6  mg lime k g -1 o v e n - d r y  soil  
r e s p e c t i v e l y .
On p a g e  76 i t  h a s  b e e n  n o t e d  t h a t  t h e  lime a d d i t i o n s  made  in  
E x p e r i m e n t  1A d i d  n o t  a l w a y s  a c h i e v e  t h e  " d e s i r e d "  p H s .  T h e  ' o v e r ­
l iming '  p r e c l u d e s  a n y  s im i la r  c o m p a r i s o n s  t o  t h o s e  a b o v e  b e i n g  m ade  
f o r  t h e  s e c o n d  lime i n c r e m e n t  b u t  t h i s  ' o v e r l i m i n g '  w as  n o t  t h e  c a u s e  
of  t h e  g r e a t e r  i n i t i a l  l ime r e q u i r e m e n t s  o f  so i l s  6 a n d  8 -  t h e  p H s  of  
soi ls  6 a n d  8 r o s e  b y  1.8  pH u n i t s  w h i l s t  t h o s e  o f  so i l s  4 a n d  7 i n c r e a s e d  
b y  1 .5  u n i t s .  Soi ls  6 a n d  8 m u s t  t h e r e f o r e  h a v e  h a d  g r e a t e r  b u f f e r i n g  
c a p a c i t i e s  t h a n  t h e  o t h e r  s o i l s ;  t h i s  is w h a t  w a s  e x p e c t e d  a s  t h e y  h a d  
t h e  h i g h e s t  OM c o n t e n t s  of  t h e  n i n e  so i l s  s t u d i e d  -  83% a n d  41% l o s s -  
o n - i g n i t i o n  r e s p e c t i v e l y ,  a n d  soi l 8 a l so  h a d  t h e  h i g h e s t  CEC —1 7 1 meq  
100 g -1 o v e n - d r y  soi l ( T a b l e  3 . 2 ) .
T h e  fo rm  o f  OM a n d  of  c l a y  p r e s e n t  will a f f e c t  t h e  b u f f e r i n g  
c a p a c i t y  o f  a s o i l ,  a s  will t h e  a m o u n t  o f  A l 3+ . T h i s  i s  b e c a u s e ,  p a r t i c ­
u l a r l y  in  t h e  pH r a n g e  4 . 0 -  5 . 0 ,  h y d r o l y s i s  of  A l 3+ a n d  p o l y m e r i z a t i o n  
of  h y d r o x y - A l  p r o d u c t s  may a c c o u n t  fo r  q u i t e  a  l a r g e  p r o p o r t i o n  o f  
a  so i l ' s  b u f f e r i n g  c a p a c i t y  d e p e n d i n g  on  how h i g h  i t s  OM c o n t e n t  i s .
Soi ls 1 a n d  5 b o t h  h a d  v e r y  h i g h  e x t r a c t a b l e  A1 c o n c e n t r a t i o n s  -  1050 
a n d  1100 m g  k g -1 o v e n - d r y  soil  r e s p e c t i v e l y ;  b u t  s i n c e ,  e x c e p t i n g  
soi ls  3 a n d  9, so i l s  1 a n d  5 h a d  t h e  h i g h e s t  n a t u r a l  p H s  of  3 .9  a n d
187.
t h u s  n e e d e d  r e l a t i v e l y  low l ime a d d i t i o n s ,  i t  w as  d i f f i c u l t  to  d e m o n s t r a t e  
f rom t h e  i n f o r m a t i o n  c o l l e c t e d  in  E x p e r i m e n t  1 t h a t  t h e y  w ere  well 
b u f f e r e d .
D r y  matter product ion
T h e  d i s c u s s i o n  of  t h e  e f f e c t  t h a t  soi l  t y p e  h a s  on  h e r b a g e  DM 
p r o d u c t i o n  f o r  PRG will b e  b a s e d  on  t h e  r e s u l t s  o f  E x p e r i m e n t  1A on ly  
( F i g u r e  3 .9 )  a s  t h e  r e l a t i v e  p r o d u c t i o n  from so i l s  2 a n d  8 in t h e  o t h e r  
e x p e r i m e n t s  i s  d i s c u s s e d  in  S e c t i o n  6 of  t h i s  c h a p t e r  ( I V ) .  T h e  r e s u l t s  
o f  t h e  f i r s t  h a r v e s t  f o r  t h e  so i l s  l im ed  to  l e v e l  4 will n o t  b e  c o n s i d e r e d  
a s  all  t h e  so i l s  w e r e  o v e r l i m e d  t o  som e d e g r e e  a n d  c o n s e q u e n t l y  h e r b a g e  
DM p r o d u c t i o n  w as  r e d u c e d ;  o n l y  in  soi l  8 -  t h e  soil  w h ic h  was  m os t  
s e r i o u s l y  o v e r l i m e d  -  w as  h e r b a g e  p r o d u c t i o n  a l s o  r e d u c e d  a t  t h e  s e c o n d  
a n d  t h i r d  h a r v e s t s .  T h u s  t h e  i n i t i a l  s e t b a c k  in  DM p r o d u c t i o n  was 
p r o b a b l y  d u e  more  to  s low e s t a b l i s h m e n t  o f  t h e  PRG p l a n t s  in  t h e  a lk a l in e  
soi ls  b e c a u s e  of  d e l a y e d  s e e d  g e r m i n a t i o n  d u e  t o  s a l t  e f f e c t s  ( h i g h  
c o n d u c t i v i t y  o f  t h e  soi l  s o l u t i o n )  a n d  d a m a g e  to  t h e  s e e d l i n g  r o o t s :  
t h a n  to  o v e r t i m i n g  per  se  t h a t  i s  i n d u c e d  m in o r  a n d  major  n u t r i e n t  
d e f i c i e n c i e s ,  Mn,  F e ,  Z n ,  B ,  Mg,  P a n d  K.
T h e  r e l a t i v e  DM p r o d u c t i o n  f ro m  t h e  n i n e  so i l s  v a r i e d  b o t h  w i th  
lime l ev e l  a n d  w i th  h a r v e s t  ( T a b l e  A 3 . 9 ) .  O f  t h e  u n l i m e d  s o i l s ,  soil  
7 p r o d u c e d  t h e  g r e a t e s t  a m o u n t  o f  h e r b a g e  a t  t h e  f i r s t  h a r v e s t  a n d  
t h e  s e c o n d  g r e a t e s t  a t  t h e  s e c o n d  h a r v e s t ,  a l t h o u g h  i t  h a d  a  pH of  
o n ly  3 . 5 .  T h i s  soi l a l so  p r o d u c e d  t h e  g r e a t e s t  a m o u n t s  of  DM a t  lime 
leve l  2 a n d  a t  lime l ev e l  4,  t h e r e f o r e  u n d e r  t h e  c o n d i t i o n s  of  E x p e r i m e n t  
1A t h e  c o m b in a t io n  o f  c h a r a c t e r i s t i c s  p r e s e n t  in  soi l 7 g a v e  t h e  b e s t  
DM p r o d u c t i o n .  T h e  p a r t i c u l a r  f a c t o r  o r  f a c t o r s  p r e s e n t  in soil 7 l e a d i n g  
to  t h i s  go o d  p r o d u c t i o n  c a n n o t  b e  e a s i l y  i d e n t i f i e d  a s  a l t h o u g h  c o m p a r e d
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to  t h e  o t h e r  e i g h t  so i l s  s t u d i e d  i t  h a d  n a t u r a l l y  h i g h  to t a l  N a n d  e x t r a c -  
t a b l e  PCL3 -  c o n t e n t s  ( T a b l e  3 . 2 )  f e r t i l i z e r  N ,  P a n d  K a d d i t i o n s  w e r e  
made to  all  so i l s  in  t h e  e x p e r i m e n t .  H o w e v e r ,  i t  d i d  h a v e  a  r e l a t i v e l y  
g o o d  s t r u c t u r e  c o m p a r e d t o  so me of  t h e  soi ls  s t u d i e d  a n d  t h i s  c o u ld  b e  
a  c o n t r i b u t i n g  f a c t o r .
T h e  l e a s t  p r o d u c t i o n  f ro m  a n  u n l i m e d  soi l  a t  a ll  t h r e e  h a r v e s t s  
was o b t a i n e d  from soi l  2 a n d ,  a s  f o r  soil  7, t h e  e x a c t  co m b in a t io n  o f  
f a c t o r s  p r e s e n t  l e a d i n g  to  t h e  v e r y  low p r o d u c t i o n  c a n n o t  b e  d i s t i n ­
g u i s h e d .  I t  i s ,  h o w e v e r ,  v e r y  p r o b a b l y  t h a t  t h e  p o o r  p r o d u c t i o n  w a s  
d u e  to  A1 t o x i c i t y  a s  t h e  e x t r a c t a b l e  soi l  A1 c o n t e n t  was 900 mg k g -1 
o v e n - d r y  s o i l ,  a n d  o n c e  t h e  soi l  w a s  l imed a n d  t h e  lime h a d  h a d  t ime 
to  a c t ,  DM p r o d u c t i o n  w a s  c o n s i d e r a b l y  i m p r o v e d .  A t  t h e  f ina l  h a r v e s t  
a t  b o t h  lime l e v e l s  2 a n d  4,  soi l  2 p r o d u c e d  t h e  t h i r d  most  h e r b a g e .
A1 t o x i c i t y  c o u l d  a l so  h a v e  b e e n  l im it ing  p r o d u c t i o n  from u n l im e d  
soil  1 a n d  soi l 5 ( e x t r a c t a b l e  A1 c o n t e n t  1050 a n d  1100 mg k g -1 o v e n -  
d r y  soil  r e s p e c t i v e l y ) . B o t h  t h e s e  so i l s  s h o w e d  m a r k e d  i m p r o v e m e n t s  
in p r o d u c t i o n  w i th  lime a d d i t i o n ,  a n d  a s  f o r  soi l  2 t h e  i n c r e a s e d  p r o d u c ­
t ion  was g r e a t e r  a t  t h e  s e c o n d  a n d  t h i r d  h a r v e s t s  t h a n  t h e  f i r s t  -  o n c e  
t h e  lime h a d  h a d  t ime to  a c t .  T h u s  soi ls  1, 2 a n d  5 t o g e t h e r  w i th  soil  
4 w e re  g e n e r a l l y  t h e  so i l s  t h a t  e x h i b i t e d  t h e  g r e a t e s t  DM r e s p o n s e  
to  l im in g .
T h e  h e r b a g e  p r o d u c t i o n  f ro m  soil  4 was in  t h e  m idd le  o f  t h e  r a n g e  
of  DM p r o d u c t i o n s  a c h i e v e d  w h e n  t h e  so i l s  w e r e  l im e d ,  b u t  was t o w a r d s  
t h e  b o t tom  of  t h e  r a n g e  o f  u n l i m e d  s o i l s .  T h e r e f o r e ,  a s  f o r  soil  2, 
t h e r e  m u s t  h a v e  b e e n  a f a c t o r  o r  f a c t o r s  p r e s e n t  t h a t  l imited p r o d u c t i o n  
a n d  w a s / w e r e  o v e r c o m e  w i th  lime a d d i t i o n .  I t  was  n o t  A1 a s  t h e  e x t r a c ­
t a b l e  soil  A1 c o n t e n t  o f  soil  4 w a s  o n ly  350 mg A1 k g -1 o v e n - d r y  so i l ,  
a n d  a l t h o u g h  t h e  soil  h a d  t h e  l o w e s t  e x t r a c t a b l e  K a n d  POi*3-- ?
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c o n c e n t r a t i o n s  of  t h e  soi ls  s t u d i e d ,  p r o d u c t i o n  w as  u n l i k e l y  to  h a v e  
b e e n  l im i ted  a s  N , P ,  K f e r t i l i z e r  h a d  b e e n  a d d e d .  T h e  f a c t o r s  r e s p o n s ­
ible  h a v e  n o t  b e e n  i d e n t i f i e d ,  b u t  i t  i s  p r o b a b l e  t h a t  t h e  i m p r o v e m e n t s  o f  
soi l  s t r u c t u r e  b r o u g h t  a b o u t  b y  l im ing  was r e s p o n s i b l e  fo r  t h e  i n c r e a s e d  
p r o d u c t i o n  s i n c e  t h e  u n a m e l i o r a t e d  soil  4 h a d  a  p o o r  p h y s i c a l  s t r u c t u r e  
c o n t a i n i n g  a  lo t  o f  s i l t .
A l t h o u g h  soi l  8 w as  t h e  soil  w o r s t  a f f e c t e d  b y  o v e r l i m i n g  b e i n g  
t h e  soi l t h a t  w a s  m o s t  o v e r l i m e d ,  i t  h a d  t h e  p o t e n t i a l  w h e n  l imed to  
m o d e r a t e  p H s ,  a s  a t  lime l e v e l  2 ( a n d  lime l e v e l  3 in  E x p e r i m e n t  IB )  
to  p r o d u c e  r e a s o n a b l e  q u a n t i t i e s  o f  h e r b a g e .  Soil 8 w as  a m o n g  t h e  
to p  t h r e e  h e r b a g e  p r o d u c e r s  a t  l ime l e v e l  2 f o r  t h e  f i r s t  two h a r v e s t s .
T h e  DM p r o d u c t i o n  from so i l s  3, 6 a n d  9 l a y  in  t h e  midd le  of  
t h e  r a n g e  o f  DM p r o d u c t i o n s  a c h i e v e d  a n d  s in c e  t h e  m e a s u r e d  c h a r a c t e r ­
i s t i c s  of  t h e  so i l s  a l s o  lay  in  t h e  m idd le  of  t h e  r a n g e s  f o u n d ,  t h e i r  
r e l a t i v e  DM p r o d u c t i o n s  a r e  n o t  d i s c u s s e d  f u r t h e r .
Copper
T h e  o n e  t r e a t m e n t  a p p l i e d  in  E x p e r i m e n t  1A -  l ime a d d i t i o n  -  
h a d  l i t t le  e f f e c t  on  t h e  E D T A - e x t r a c t a b l e  soi l C u  c o n t e n t  of  so i ls  1 
to  9 ( F i g u r e  3 . 3 ) .  N e i t h e r  d i d  P ( E x p e r i m e n t  4) n o r  N a d d i t i o n  
( E x p e r i m e n t  5) a f f e c t  t h e  e x t r a c t a b l e  C u  c o n t e n t s  o f  so i l s  2 a n d  8, 
b u t  t h e  a p p l i c a t i o n  o f  C u  ( o b v i o u s l y )  d i d  ( E x p e r i m e n t  5 ) ,  a s  d i d  t h e  
im pos i t io n  o f  d i f f e r e n t  soil  w a t e r  r e g i m e s  in  E x p e r i m e n t  6 [ s e e  C h a p t e r  
I I I ,  S e c t io n  2 ] ,
T h e  r a n k i n g  o f  t h e  n i n e  soi ls  w i th  r e g a r d  t o  E D T A - e x t r a c t a b l e  
soil  C u  in  t h e  u n a m e l i o r a t e d  so i l s  ( T a b l e  3 . 2 ) ,  a n d  a l s o  in  E x p e r i m e n t
1A ( T a b l e  A 3 . 3 )  w a s :
6 > 2 > 4 > 1 > 5 > 7 > 9 > 3 > 8
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a r a n g e  o f  0 .6  to  43 .0  mg C u  k g -1 o v e n - d r y  soi l  w i th  a  mean c o n t e n t  
of  1 .59 mg k g -1 ( o m i t t i n g  soi l  6 ) .  Soil 8,  a  p e a t y  p o d z o l  with  41% LOI 
h a d  t h e  l o w e s t  e x t r a c t a b l e  C u  c o n t e n t ;  t h e  s t r o n g  a s s o c i a t i o n  b e t w e e n  
OM a n d  soil  Cu  w a s  r e v i e w e d  in  C h a p t e r  I ,  S e c t io n  3 . 1 a .  S u r p r i s i n g l y ,  
soil  6,  t h e  p e a t  w i th  83% L O I ,  c o n t a i n e d  t h e  h i g h e s t  c o n c e n t r a t i o n  o f  
e x t r a c t a b l e  soi l C u  b u t  s i n c e  t h i s  soi l w as  c o n s i d e r a b l y  l e s s  d e n s e  a n d  
more o r g a n i c  t h a n  t h e  o t h e r  so i l s  s t u d i e d  t h e  r e s u l t s  o f  soi l a n a l y s e s  
a r e  n o t  s t r i c t l y  c o m p a r a b l e  -  s e e  P i m p l a s k a r  et al. (1982)  . T h e  soil  
wi th  t h e  s e c o n d  lo w e s t  e x t r a c t a b l e  C u  c o n t e n t  w a s ,  h o w e v e r ,  t h a t  w i th  
t h e  lo w es t  LOI % -  soi l 3 w i th  10% LOI -  p r e s u m a b l y  in  t h i s  soil t h e r e  
was more C u  s p e c i f i c a l l y  a d s o r b e d  on  soi l  c l a y s  a n d  o x i d e s  t h a n  on  
OM. T h i s  a p p a r e n t  an o m a ly  h i g h l i g h t s  t h e  p r o b l e m s  of  t r y i n g  to  
e l u c i d a t e  how  soi l C u  w as  b e h a v i n g  w h e n  o n l y  o n e  fo rm  of  Cu  was 
a s s e s s e d  -  C u  e x t r a c t a b l e  b y  E D T A .  I f  t h e  t ime h a d  b e e n  a v a i l a b l e ,  
i t  would  h a v e  b e e n  u s e f u l  to  b o t h  f r a c t i o n a t e  t h e  soi l  C u  a n d  to  m e a s u r e  
i t s  to ta l  a m o u n t  in  o r d e r  to  a s s e s s  b e t t e r  t h e  soi l  p h y s i c o - c h e m i c a l  
r e l a t i o n s h i p s  o f  C u .
R e c e n t  e v i d e n c e  s u g g e s t s  t h a t  t h e r e  a r e  tw o  t y p e s  of  s i t e s  i n v o l v e d  
in  t h e  soi l  a d s o r p t i o n  of  C u  -  o n e  s e t  w i th  h i g h  e n e r g y  a n d  a n o t h e r  
s e t  wi th  low e n e r g y  w h ic h  p r o b a b l y  c o r r e s p o n d  t o  t h e  s i t e s  of  ' s p e c i f i c '  
a n d  ' n o n - s p e c i f i c '  a d s o r p t i o n  r e s p e c t i v e l y ;  a n d  a r e  to  b e  f o u n d  b o t h  
in  c l a y s  ( P a d m a n a b h a m , 1983) a n d  OM ( L e h m a n n  a n d  H a r t e r ,  1984) .
T h e  p r o p o r t i o n  o f  Cu  a d s o r b e d  on  t h e  h i g h  e n e r g y  s i t e s  g r a d u a l l y  
i n c r e a s e s  w i t h  t i m e ,  p o s s i b l y  b e c a u s e  o f  a l t e r a t i o n  o f  t h e  e n e r g y  s t a t u s  
of  s i t e s  f ro m  low to  i n t e r m e d i a t e  a n d  h i g h  ( A b d - E l f a t t a h  a n d  VVada,
1981; P a d m a n a b h a m ,  1983; L e h m a n n  a n d  H a r t e r , 1984) .  T h e r e f o r e ,  
one  would  e x p e c t  m os t  of t h e  smal l  a m o u n t  o f  C u  p r e s e n t  n a t u r a l l y  in  
soi ls to  b e  h e l d  on a t  h i g h - e n e r g y  s i t e s ,  i . e .  t o  b e  sp e c i f i c a l l y  a d s o r b e d
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a n d  n o t  r e a d i l y  d e s o r b a b l e  f o r  p l a n t  u p t a k e .  M cL aren  et at. ( 1983b) 
s t a t e s  "i t  i s  c l e a r  t h a t  d e s o r p t i o n  o r  l ack  of  d e s o r p t i o n  i s  v e r y  i m p o r t a n t  
in a f f e c t i n g  p l a n t  a v a i l a b i l i t y  o f  i n d i g e n o u s  o r  a d d e d  soi l c o p p e r " .
T h e  c o n c e n t r a t i o n s  o f  C u  f o u n d  in PRG g r o w n  in  t h e  n i n e  soi ls  
of  E x p e r i m e n t  1A w e r e  n o t  c o r r e l a t e d  to  t h e  E D T A - e x t r a c t a b l e  soi l C u  
c o n c e n t r a t i o n s  a n d ,  u n l i k e  e x t r a c t a b l e  soil  Cu  c o n t e n t s ,  w e r e  a f f e c t e d  
b y  l im ing ( F i g u r e  3 . 1 1 ) .  T h e  o r d e r  o f  h e r b a g e  C u  c o n c e n t r a t i o n s  f o r  
t h e  u n l i m e d  so i l s  w a s  b a s i c a l l y
1 > 2 > 6 > 3 > 5 > 4 > 9 > 7 > 8
a l t h o u g h  t h e  r e l a t i v e  p o s i t i o n  o f  some of  t h e  s o i l s ,  p a r t i c u l a r l y  soi l 6,  
a l t e r e d  a t  e a c h  h a r v e s t .  T h e r e  w as  e v e n  more  v a r i a t i o n  in  t h e  r e l a t i v e  
p o s i t i o n s  o f  t h e  so i l s  a t  l ime l e v e l  4,  p o s s i b l y  r e l a t e d  to  t h e  i n i t i a l  v e r y  
p o o r  DM p r o d u c t i o n ,  b u t  soi l  2 a l w a y s  p r o d u c e d  t h e  h e r b a g e  c o n t a i n i n g  
t h e  m os t  C u  a n d  soil  8 t h a t  w i th  t h e  l e a s t  ( T a b l e  A 3 . 1 1 )  ( so i l  2 »  soi l  8 
was r e p e a t e d  in  al l t h e  e x p e r i m e n t s ) . T h e  o r d e r  f o r  t h e  h e r b a g e  g r o w n  
in  t h e  so i l s  w as  ( m e a n e d o v e r  t h e  t h r e e  h a r v e s t s ) :
2 > 1 > 5 > 9 > 3 > 6 > 4 > 7 > 8
In  1982 a  S A C / S A R I  s t u d y  g r o u p  com p i led  a  p r o v i s i o n a l  t a b l e  
f o r  S c o t t i s h  so i l s  a s s e s s i n g  t h e  p r o b a b l e  i n f l u e n c e  o f  soi l a s s o c i a t i o n  
a n d  s e r i e s  on  C u  c o n c e n t r a t i o n s  in  s u m m e r  h e r b a g e  ( s e e  a l so  R e a v e s  
a n d  B e r r o w ,  1984) .  T h e  soi ls  a r e  g r o u p e d  a c c o r d i n g  to  t h e  t o t a l  C u  
c o n t e n t s  o f  t h e i r  B h o r i z o n s  ( s u b s o i l s )  i n to  low,  m o d e r a t e  a n d  h i g h  
r i s k  soil  s e r i e s  w i th  r e g a r d  to  t h e i r  a b i l i t y  to  p r o v i d e  s u f f i c i e n t  Cu  
to  s u s t a i n  n o r m a l  g r o w t h  a n d  y i e l d  o f  c e r e a l  c r o p s ;  h e n c e  t h e  c l a s s e s  
a l so  a s s e s s  t h e  l ik e l ih o o d  o f  a  g i v e n  soi l s e r i e s  p r o d u c i n g  h e r b a g e  w i th  
a low Cu  c o n c e n t r a t i o n  -  w h ic h  c o u l d  a f f e c t  t h e  s u s c e p t i b i l i t y  of  g r a z i n g  
an im a ls  to  C u  d e f i c i e n c y .  On t h i s  b a s i s  soi ls  1 a n d  4 a r e  c l a s s i f i e d  
a s  low r i s k ,  so i l s  2, 7 a n d  8 a s  m o d e r a t e  r i s k  a n d  so i l s  3 , 5 , 6  a n d  9
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a s  h i g h  r i s k  soil  s e r i e s .  I t  i s  t h e r e f o r e  p o s s i b l e  to  p r o d u c e  a r a n k i n g  
of  t h e  so i ls  w i th  r e g a r d  to  t h e  p r o b a b i l i t y  o f  t h e m  p r o d u c i n g  su m m er  
h e r b a g e  w i th  a  low C u  c o n t e n t :
3,  5, 6 ,  9 > 2, 7,  8 > 1 , 4
h i g h e s t   y l o w e s t
r i s k  r i s k
T h i s  o r d e r  is  n o t  v e r y  s im i la r  t o  t h e  o r d e r  o f  h e r b a g e  C u  c o n c e n t r a t i o n s  
o b s e r v e d ;  f o r  e x a m p l e ,  2 a n d  8 i n s t e a d  o f  b e i n g  a t  o p p o s i t e  e n d s  of  
t h e  l i s t  a s  w a s  o b s e r v e d  in  E x p e r i m e n t  1A,  a r e  t o g e t h e r  in  t h e  m id d le ,  
e m p h a s i z i n g  t h a t  t h e  S A C / S A R I  c l a s s i f i c a t i o n  is  p r o v i s i o n a l  a n d  h a s  
y e t  to  b e  p r o v e n  a n d  f i n a l i z e d .
A l t h o u g h  f o r  E x p e r i m e n t  1A t h e r e  w a s  n o  c o r r e l a t i o n  e i t h e r  b e t w e e n  
t h e  i n i t i a l  e x t r a c t a b l e  soi l C u  c o n c e n t r a t i o n s  a n d  t h e  h e r b a g e  Cu  c o n ­
c e n t r a t i o n s  o r  t h e  soi l a n d  h e r b a g e  C u  c o n c e n t r a t i o n s  a t  t h e  f ina l  h a r v e s t ,  
t h e r e  w e r e  c o r r e l a t i o n s ,  m a in ly  v e r y  h i g h l y  s i g n i f i c a n t  ( p  <0 .0 01) ,  
b e t w e e n  t h e s e  m e a s u r e m e n t s  f o r  t h e  o t h e r  e x p e r i m e n t s  w h e r e  f e w e r  
so i ls  w e r e  s t u d i e d  ( so i l  2 a n d  soil  8 h a d  v e r y  d i f f e r e n t  soil  a n d  h e r b a g e  
C u  c o n c e n t r a t i o n s ) .  H o w e v e r ,  t h e  s i t u a t i o n  in  E x p e r i m e n t  1A is  t h a t  
more  u s u a l l y  f o u n d ,  i . e .  n o  c o r r e l a t i o n  b e t w e e n  e x t r a c t a b l e  soil  Cu 
c o n t e n t s  a n d  h e r b a g e  C u  c o n c e n t r a t i o n s  ( e . g .  J a r v i s ,  1981b) .  T h i s  
l a c k  o f  c o r r e l a t i o n  a r i s e s  f o r  tw o  b a s i c  ( r e l a t e d )  r e a s o n s :  t h e  f i r s t  
to  do w i th  p l a n t  n u t r i e n t  u p t a k e  a n d  t h e  s e c o n d  to  do  wi th  t h e  m e th o d  
o f  m e a s u r e m e n t  o f  soi l C u .
P l a n t s  o b t a i n  n u t r i e n t s  f ro m  t h e  soil  v i a  t h e i r  r o o t s  a n d  t h u s  
o n ly  f rom t h a t  a r e a  o f  t h e  soi l  w h i c h  i s  d i r e c t l y  in  c o n t a c t  wi th  t h e i r  
r o o t s  -  t h e  r h iz o sp h e re . C o n d i t i o n s  in  t h e  r h i z o s p h e r e  a r e  d i f f e r e n t  
to  t h o s e  in  t h e  b u l k  soil  s i n c e  r o o t s  e x e r t  a n  i n f l u e n c e  o v e r  t h e i r  
e n v i r o n m e n t  in m a n y  w a y s  -  f o r  e x a m p l e ,  a l t e r a t i o n  o f  n u t r i e n t  a n d
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w a t e r  g r a d i e n t s ,  m od i f i ca t ion  o f  O z : C 0 2 r a t i o s  v i a  r e s p i r a t i o n ,  p r o d u c ­
t ion  o f  r o o t  e x u d a t e s , s t i m u l a t i o n  o f  m ic ro b ia l  a c t i v i t y  a n d  m od i f ica t ion  
o f  pH ( s e e  W i lk inson ,  1972; a n d  R u s s e l l ,  1977,  f o r  f u r t h e r  d i s c u s s i o n s ) .  
T h e r e f o r e  i t  w o u ld  b e  e x p e c t e d  t h a t  t h e  c o n c e n t r a t i o n s  o f  n u t r i e n t s  in  
t h e  r h i z o s p h e r e  w ou ld  b e  d i f f e r e n t  t o  t h o s e  in  t h e  b u l k  so i l ,  a n d  L i n e h a n  
h a s  r e c o r d e d  t h i s  f o r  C u .  L i n e h a n  (1984)  d e m o n s t r a t e d  t h a t  t h e  ' l e a k a g e ' /  
e x u d a t i o n  o f  low m o le c u la r  w e i g h t  o r g a n i c  m o le c u le s  f r om  r o o t  ce l l s  c a n  
l e a d  to  t h e  m ob i l iza t ion  o f  a d s o r b e d  C u ( I I ) ;  a n d  L i n e h a n  et at. ( 1985) 
o b s e r v e d  h i g h e r  soi l  s o l u t i o n  C u  c o n c e n t r a t i o n s  in  t h e  r h i z o s p h e r e  t h a n  
in t h e  b u l k  so i l .  T h e  f o r m e r  ( 1984) o b s e r v a t i o n  c o u l d  t o t a l ly  e x p l a i n  
t h e  l a t t e r  ( 1985) b u t  p r o b a b l y  r h i z o s p h e r e  pH a n d  soi l  d i f f e r e n c e s  will 
a l so  h a v e  a n  e f f e c t  (S m i l e y ,  19 7 4 ) ,  a s  will m ic ro b ia l  a c t i v i t y .
T h e  m e t h o d  u s e d  f o r  a s s e s s i n g  e x t r a c t a b l e  soil  C u  s t a t u s  in  t h i s  
t h e s i s  was e x t r a c t i o n  b y  0.05M ED T A  (am m onium  s a l t )  a t  pH 7 .0 ;  a s  
t h i s  i s  t h e  m e t h o d  t h a t  i s  m o s t  com m only  u s e d  in  t h e  U . K . ,  e . g .  b y  
b o t h  ADAS/M AFF a n d  t h e  S c o t t i s h  C o l l e g e s ,  w h ic h  h a s  b e e n  u s e d  f o r  
a  c o n s i d e r a b l e  t ime ( e . g .  Mi tche l l  et at. , 1957b;  B l e v i n s  a n d  M a s s e y ,  
1959) .  T h e  u s e  o f  a d i f f e r e n t  m e t h o d  w o u ld  h a v e ,  t h e r e f o r e ,  m e a n t  t h e  
r e s u l t s  o b t a i n e d  h e r e  c o u l d  n o t  b e  m e a n i n g f u l l y  c o m p a r e d  w i th  p u b l i s h e d  
v a l u e s .
EDTA is  a  c h e l a t i n g  a g e n t  w h i c h  e x t r a c t s  t h e  c o m p l e x e d  a n d  
c h e l a t e d  C u 2+ from t h e  so i l ,  h o w e v e r  i t  i s  c o m p a r a t i v e l y  s t r o n g  a n d  was 
r e j e c t e d  b y  L e h m a n n  a n d  H a r t e r  ( 1984) f o r  u s e  in  t h e i r  d e s o r p t i o n  s t u d i e s  
b e c a u s e  i t  e x t r a c t e d  " too  m u c h  o f  t h e  s o r b e d  C u " ;  a n d  is s t a t e d  b y  
Williams a n d  M cL aren  ( 1982) a n d  M c L a r e n  et al. ( 1983a) to  " o v e r e s t i m a t e  
soi l Cu  a v a i l a b i l i t y " .  R e a s o n s  w h y  ED T A  ( a n d  o t h e r  e x t r a c t i n g  a g e n t s )  
do n o t  a d e q u a t e l y  a s s e s s  p l a n t  a v a i l a b l e  Cu  ( n u t r i e n t s ) , a r e  d i s c u s s e d  
b y  Cox a n d  K a m p r a t h  ( 1972) ,  V i e t s  a n d  L i n d s a y  ( 1973) a n d  R o b s o n
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a n d  R e u t e r  ( 1 9 8 1 ) .  T h e  r e a s o n s  s u g g e s t e d  i n c l u d e :  t h e  e x t r a c t a n t
a s s e s s e s  b u l k  soil  s t a t u s ,  n o t  r h i z o s p h e r e  s t a t u s ;  t h e r e  is  no  g u a r a n t e e  
t h a t  t h e  C u  e x t r a c t e d  c o u l d  b e  u t i l i z e d  b y  p l a n t s  ( a n d  d i f f e r e n t  s p e c i e s  
will h a v e  d i f f e r e n t  n e e d s ) ; n o r  a  g u a r a n t e e  t h a t  t h e  m e th o d  will 
c o n s i s t e n t l y  r e m o v e  C u  fr om  t h e  sam e p o o l s „ f o r  e x a m p l e ,  b e c a u s e  of 
i n t e r f e r e n c e  o f  o t h e r  i o n s  o r  OM; a l so  e q u a l  c o n c e n t r a t i o n s  of  e x t r a c ­
t a b l e  soi l  C u  will n o t  n e c e s s a r i l y  m ean  e q u a l  a v a i l a b i l i t y  o f  Cu to  p l a n t s . ;  In 
E x p e r i m e n t  1A so i l s  1 a n d  5 b o t h  c o n t a i n e d  v e r y  s im i la r  a m o u n t s  of 
E D T A - e x t r a c t a b l e  C u ,  e . g .  1 .6  mg C u  k g -1 a i r - d r y  soi l a t  t h e  s t a r t  
of  t h e  e x p e r i m e n t  in  t h e  soi l  l im ed  to  c. pH 5 .0  ( T a b l e  A 3 . 3 ) ,  b u t  h e r b a g e  
g r o w n  in  soi l  1 h a d  a C u  c o n c e n t r a t i o n  o f  9 .9  mg C u  k g -1 DM a t  t h e  
f i r s t  h a r v e s t  a n d  t h a t  g r o w n  in  soi l  5 a  c o n c e n t r a t i o n  of  7 .1  ( T a b l e  
A 3 . 1 1 ) .
I d e a l l y  a  soi l  e x t r a c t a n t  s h o u l d  r e m o v e  a  n u t r i e n t  f rom t h e  same 
poo ls  a s  a p l a n t  d o e s ,  r e f l e c t i n g  b o t h  t h e  p r e s e n t  a v a i l a b i l i t y  of  t h e  
n u t r i e n t  in  t h e  soi l  a n d  t h e  a b i l i t y  o f  t h e  soi l  to  r e p l e n i s h  t h e  n u t r i e n t  
a f t e r  p l a n t  u p t a k e  ( V i e t s  a n d  L i n d s a y ,  1973) .  I n c r e a s i n g l y ,  w e a k e r  
e x t r a c t a n t s  a r e  b e i n g  r e c o m m e n d e d ,  f o r  e x a m p l e  D T P A , is  t h e  c h e l a t i n g  
a g e n t  f r e q u e n t l y  u s e d  in  t h e  U S A ,  r a t h e r  t h a n  EDTA ( B a k e r  a n d  
A m a c h e r ,  1982); a n d  0.1M C a C l 2 i s  b e i n g  c o n s i d e r e d  (M c G r a th  et al. ,
1985) f o r  u s e ,  a l t h o u g h  i t  i s  n o t  a s  s u c c e s s f u l  f o r  C u  a s  i t  i s f o r  Zn 
a n d  Ni .
M olybdenum
T h e  e x t r a c t a b l e  soi l  Mo c o n c e n t r a t i o n s  o f  t h e  so i ls  s t u d i e d  a n d  
t h e  h e r b a g e  Mo c o n c e n t r a t i o n s  f o r  p l a n t s  g r o w n  in  t h e s e  soi ls were  
a f f e c t e d ,  t o  some d e g r e e ,  b y  all t h e  soil  t r e a t m e n t s  a p p l i e d  in t h e  s ix  
e x p e r i m e n t s .  T h e  m a g n i t u d e  of  t h e  e f f e c t  t h a t  a  t r e a t m e n t  h a d  was
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s e v e r e l y  m o d i f i e d  b y  t h e  soi l  u n d e r  c o n s i d e r a t i o n , f o r  ex a m p le  soil 
2 a l w a y s  p r o d u c e d  a  q u i t e  s u b s t a n t i a l  'Mo r e s p o n s e ' , b u t  soil  8 seldom 
p r o d u c e d  a  'Mo r e s p o n s e '  of  a n y  s i ze  ( e . g .  F i g u r e s  3 .22  a n d  3 . 5 0 ) .  
T h e  r a n k i n g  o f  t h e  so i l s  w i th  r e g a r d  to  t h e i r  n a t u r a l  e x t r a c t a b l e  Mo 
c o n c e n t r a t i o n s  ( T a b l e  3 .2 )  w a s :
6 > 8 > 2 > 7  = 9 > 3 > 4 > 5 > 1
w i th  a r a n g e  of  0 .023  to  0 .150  mg Mo k g " 1 o v e n - d r y  soi l a n d  a mean 
of  0 .0358  m g  k g -1 ( o m i t t i n g  soi l  6 ) .  A f t e r  t h e  a p p l i c a t i o n  of  lime in 
E x p e r i m e n t  1A to  r a i s e  t h e  soi l  pH to  7 - 7 . 5  ( i . e .  l ime l ev e l  4 ) ,  t h e  
o r d e r  w a s :
2 > 6 > 5 > 8 > 7 > 9 > 4 > 1  = 3 St° rt
o f  experim ent
2 > 6 > 5 > 8 > 7 > 9 > 3 > 1 > 4  conc lu s ion
o f  experim ent
F o r  soi l 5 in  p a r t i c u l a r  t h e r e  w a s  a c o n s i d e r a b l e  a l t e r a t i o n  in  r e l a t i v e  
p o s i t i o n  w i t h  t h e  a d d i t i o n  o f  l i m e .
In  1982 a  S A C / S A R I  s t u d y  g r o u p  co m p i l e d  a  t a b l e  f o r  S c o t t i s h  
soi l s  a s s e s s i n g  t h e  p r o b a b l e  i n f l u e n c e  o f  soil  a s s o c i a t i o n  a n d  s e r i e s  
on t h e  Mo c o n c e n t r a t i o n s  in  h e r b a g e .  T h e  so i l s  w e r e  g r o u p e d  a c c o r d ­
i n g  to  t h e  t o t a l  Mo c o n t e n t  o f  t h e i r  s u b s o i l s  (B  h o r i z o n )  a n d  t h e i r  d r a i n ­
a g e  s t a t u s  i n t o  low ,  m o d e r a t e ,  h i g h  a n d  v e r y  h i g h  r i s k  s e r i e s  with  
r e g a r d  to  t h e  p r o b a b i l i t y  o f  h e r b a g e  g r o w i n g  in  t h e  soil  a c c u m u l a t i n g  
" s u f f i c i e n t  Mo to  i n c r e a s e  t h e  r i s k  of  C u  d e f i c i e n c y  in  l i v e s t o c k " .  On 
t h i s  b a s i s  so i l s  2, 3, 5, 6, 7 a n d  9 a r e  c l a s s i f i e d  a s  low r i s k ,  soil  8 
a s  m o d e r a t e  r i s k ,  soi l 4 a s  h i g h  r i s k  a n d  soil  1 a s  v e r y  h i g h  r i s k  s e r i e s .
I t  w o u ld  b e  t h e r e f o r e  e x p e c t e d  t h a t  t h e  o r d e r  of  t h e  soi ls  wi th  
r e g a r d  to  h e r b a g e  Mo c o n c e n t r a t i o n s  would  b e :
1 > 4 > 8 > 2, 3, 5, 6,  7, 9
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H o w e v e r ,  t h e  r a n k i n g s  of  t h e  so i l s  w i th  r e g a r d  to  h e r b a g e  Mo c o n c e n t r a ­
t i o n s  in E x p e r i m e n t  1A ( m e a n e d  o v e r  t h e  t h r e e  h a r v e s t s )  w e re :
3 > 9 > 7 > 1 > 2 > 4 > 8 > 6 > 5  unlimed
2 > 3 > 5 > 1  = 9 > 4  = 6 > 8 > 7  lime level  4
a n d  t h e  o r d e r  of  ' r e s p o n s i v e n e s s '  ( s i z e  o f  i n c r e a s e  lime l eve l  0 to  4) 
w a s :
5 > 2 > 6 > 1 > 9 > 7 > 4 > 3 > 8
None  o f  t h e s e  r a n k i n g s  b e a r s  m u c h  r e l a t i o n s h i p  to  t h e  o r d e r  e x p e c t e d  
from t h e  S A C / S A R I  a s s e s s m e n t .  F o r  e x a m p l e ,  t h e  h e r b a g e  g r o w n  on 
t h e  v e r y  h i g h  r i s k  s o i l - n u m b e r  1 w a s  n o t  g r e a t l y  d i f f e r e n t  in  Mo c o n -  
c e n r a t i o n  o r  r e s p o n s i v e n e s s  to  m a n y  o f  t h e  o t h e r  s o i l s ,  i . e .  i t  l a y  in  
t h e  middle  o f  t h e  c o n c e n t r a t i o n  a n d  r e s p o n s e  r a n g e s .  T h e  two  soi ls  
w h ich  g e n e r a l l y  s u p p o r t e d  t h e  h e r b a g e  w i th  t h e  l a r g e s t  Mo r e s p o n s e  
t o  l im in g  a n d  w e r e  a m o n g  t h o s e  g i v i n g  t h e  h i g h e s t  h e r b a g e  Mo c o n c e n t r a ­
t i o n s  w e re  soi ls  2 a n d  5 -  low r i s k  s e r i e s  -  y e t  soi l  7 a l so  a  low r i s k  
s e r i e s  g e n e r a l l y  p r o d u c e d  h e r b a g e  c o n t a i n i n g  a m o n g  t h e  low es t  Mo 
c o n c e n t r a t i o n s ,  t h a t  w e r e  l i t t l e  a l t e r e d  b y  lime a p p l i c a t i o n .  T h i s  s e r v e s  
to  e m p h a s i z e  t h a t  t h e  " c l a s s i f i c a t i o n  m u s t  b e  r e g a r d e d  a s  p r o v i s i o n a l  
a n d  s u b j e c t  to  f u t u r e  r e v i s i o n  a s  a d d i t i o n a l  d a t a  on  h e r b a g e  Mo. a n d  
i t s  r e l a t i o n s h i p  t o  t h e  i n c i d e n c e  o f  C u  d e f i c i e n c y  in  l i v e s t o c k  becom e 
a v a i l a b l e "  ( S A C / S A R I ,  1982) .  I t  m u s t  n o t ,  h o w e v e r ,  b e  f o r g o t t e n  
t h a t  i t  i s n o t  o n l y  t h e  p r o p e n s i t y  o f  a  soi l  to  s u p p o r t  h e r b a g e  with  
h i g h  Mo c o n c e n t r a t i o n s ,  p a r t i c u l a r l y  a f t e r  hi l l  l a n d  i m p r o v e m e n t ,  t h a t  
is  u s e d  to  a s s e s s  t h e  r i s k  s t a t u s  o f  a  soi l  s e r i e s  w i th  r e g a r d  to  t h e  
a b i l i t y  to  p r o d u c e  a n  i n d u c e d  C u  d e f i c i e n c y  in  g r a z i n g  l i v e s t o c k ,  b u t  
a l so  t h e  r e l a t i v e  b a l a n c e  of  h e r b a g e  C u ,  Mo a n d  S c o n c e n t r a t i o n s  ( s e e  
Sec t ion  7 o f  t h i s  c h a p t e m ) .
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When c o r r e l a t i o n  a n a l y s e s  w e r e  p e r f o r m e d  b e t w e e n  t h e  soil  a n d  
h e r b a g e  Mo c o n c e n t r a t i o n s  t h e  r e l a t i o n s h i p s  w e r e  n o t  f o u n d  to  b e  as  
s i g n i f i c a n t  a s  t h e y  h a d  b e e n  f o r  soil  a n d  h e r b a g e  C u  f o r  soi ls  2 a n d  
8 ( s e e  p a g e  1 9 2 ) .  T h e  e x t r a c t a b l e  soil  Mo c o n t e n t s  a t  t h e  o u t s e t  of  
an  e x p e r i m e n t  a n d  t h e  h e r b a g e  Mo c o n c e n t r a t i o n s  w e r e  n o t  s i g n i f i c a n t l y  
c o r r e l a t e d  f o r  E x p e r i m e n t  1A ( s e c o n d  a n d  t h i r d  h a r v e s t s ) ,  E x p e r i m e n t  
5 ( b o t h  h a r v e s t s )  a n d  E x p e r i m e n t  6,  b u t  w e r e  s i g n i f i c a n t l y  c o r r e l a t e d  
a t  p  <0 .05 f o r  t h e  f i r s t  h a r v e s t  of  E x p e r i m e n t  4 a n d  a t  p  <0.01 fo r  
t h e  f i r s t  h a r v e s t  o f  E x p e r i m e n t  1A,  a l l  t h r e e  h a r v e s t s  o f  E x p e r i m e n t  
IB a n d  t h e  s e c o n d  h a r v e s t  o f  E x p e r i m e n t  4.  When t h e  e x t r a c t a b l e  
soil  Mo a n d  h e r b a g e  Mo c o n t e n t s  a t  t h e  f in a l  h a r v e s t s  w e r e  r e l a t e d  
f o r  t h e s e  f i v e  e x p e r i m e n t s  ( 1 A ,  I B ,  4,  5 a n d  6 ) ,  t h e r e  was no  c o r r e l a ­
t io n  f o r  E x p e r i m e n t s  1 A , IB , 4 a n d  5 b u t  a c o r r e l a t i o n  s i g n i f i c a n t  a t  
p  <0.05 f o r  E x p e r i m e n t  6 w h ic h  h a d  o n ly  one  h a r v e s t .  H o w e v e r  t h e r e  
was a v e r y  h i g h l y  s i g n i f i c a n t  c o r r e l a t i o n  ( p  <0 .001)  b e t w e e n  h e r b a g e  
a n d  e x t r a c t a b l e  soi l  Mo c o n c e n t r a t i o n s  a t  t h e  f i r s t  h a r v e s t  of  E x p e r i m e n t  
IB . I t  t h e r e f o r e  a p p e a r s  t h a t  w h e r e  f e w e r  so i l s  w e r e  p r e s e n t  in t h e  
a n a l y s i s  a  g r e a t e r  d e g r e e  o f  c o r r e l a t i o n  w as  f o u n d  -  soi l 2 c o n t a i n e d  
l a r g e  a m o u n t s  o f  e x t r a c t a b l e  soi l  Mo a n d  r e s p o n d e d  g r e a t l y  to  most  
t r e a t m e n t s  a n d  p r o d u c e d  h e r b a g e  w i th  h i g h  Mo c o n c e n t r a t i o n s ,  w h e r e a s  
soil 8 w h i c h  a l s o  c o n t a i n e d  l a r g e  a m o u n t s  of  e x t r a c t a b l e  soil  Mo was 
t h e  o p p o s i t e ;  a n d  t h a t  c o r r e l a t i o n  is  b e t t e r  e a r l y  in  p l a n t  g r o w t h  e x p e r i ­
m e n t s  r a t h e r  t h a n  t o w a r d s  t h e  e n d .
T h e  p o i n t s  r a i s e d  in  t h e  d i s c u s s i o n  on  p a g e  192 f o r  Cu  a l so  a p p l y  
to  Mo, t h a t  i s :  d i f f e r e n c e s  b e t w e e n  r h i z o s p h e r e  a n d  b u l k  soil a n d
t h e  p r o b l e m s  of  c o r r e c t l y  a s s e s s i n g  how  m u c h  n u t r i e n t  i s  ava i l ab le  
fo r  p l a n t  u p t a k e . T h e  l a t t e r  is p a r t i c u l a r l y  d i f f i c u l t  fo r  Mo as  soil 
Mo a v a i l a b i l i t y  is  g e n e r a l l y  c o n s i d e r a b l y  a f f e c t e d  b y  pH ( e . g .  F i g u r e
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3 . 5 ) ;  a l so  t h e r e  a r e  o n ly  v e r y  smal l a m o u n t s  p r e s e n t  in t h e  soil  w h ic h  
u n t i l  c o m p a r a t i v e l y  r e c e n t l y  w e r e  more  o r  l e s s  im p o s s i b l e  to  a c c u r a t e l y  
a s s e s s ,  a n d  e v e n  w i th  more  m o d e r n  t e c h n i q u e s  i t  i s  s t i l l  n o t  e a s y  to  
m e a s u r e  soi l  Mo ( o f  a n y  f o r m ) .
T h e  e x t r a c t i o n  m e t h o d  u s e d  f o r  t h e  so i l s  w a s  N NHi*0AC at  pH 
7 .0  w h ic h  will a s s e s s  a d s o r b e d  Mo ( f r o m  OM, c l a y s  a n d  o x i d e s ) ,  a n d  
w a t e r  s o l u b l e  m o l y b d a t e  f r om  t h e  soi l  s o l u t i o n .  N o t  all  o f  t h e  a d s o r b e d  
Mo will b e  e x t r a c t e d ,  t h e  p r o p o r t i o n  e x t r a c t e d  will d e p e n d  u p o n  how 
s t r o n g l y  a n d  w h e r e  t h e  Mo i s  h e l d ,  a n d  a l so  on o t h e r  soi l  f a c t o r s .  
M o ly b d e n u m  c a n  a b s o r b  o n t o  b o t h  p o s i t i v e l y  a n d  n e g a t i v e l y  c h a r g e d  
s u r f a c e s  in  t h e  soi l a s  i t  i s  p r e s e n t  in  b o t h  a n i o n s  a n d  c a t i o n s  ( s e e  
p a g e s  14 a n d  1 9 ) ,  so  t h e r e  i s  a  s u r p r i s i n g l y  c l o s e  r e l a t i o n s h i p  b e t w e e n  
t h e  a m o u n t s  of  OM a n d  m o l y b d e n u m  in  s o i l s .
T h e  e x t r a c t a b l e  Mo c o n c e n t r a t i o n s  of  so i l s  2 a n d  5, t h e  tw o  most  
Mo r e s p o n s i v e  so i l s  t o  l ime,  w e r e  b e f o r e  t h e  a p p l i c a t i o n  of  a n y  t r e a t ­
m e n t s  0 .028  a n d  0 .042  mg Mo k g -1 o v e n - d r y  soi l  a n d  t h e  c o n c e n t r a t i o n s  
of  soi ls  7 a n d  8, tw o  soi ls  o f  low r e s p o n s e ,  w e r e  0 .038  a n d  0 .049  mg 
Mo k g -1 o v e n - d r y  soil  r e s p e c t i v e l y .  T h e r e f o r e ,  t h e  d e g r e e  o f  Mo- 
r e s p o n s e  o f  t h e  soi l s t u d i e d  a p p e a r s  u n r e l a t e d  t o  t h e i r  in i t i a l  e x t r a c t a b l e  
Mo c o n t e n t s .  I f  T a b le  3 .2  is  s t u d i e d  i t  i s  s e e n  t h a t  t h e r e  i s  n o t  r e a l l y  
a  common d i f f e r e n c e  b e t w e e n  so i l s  2 a n d  5, a n d  7 a n d  8, t h e  o n ly  r e a l  
d i f f e r e n c e s  a r e  t h a t  t h e  f o r m e r  h a v e  h i g h e r  e x t r a c t a b l e  A1 c o n c e n t r a t i o n s  
a n d  t h e  l a t t e r  h i g h e r  e x t r a c t a b l e  Mg c o n c e n t r a t i o n s .  B u t  s in ce  b o t h  
A1 a n d  Mg a r e  p r e s e n t  a s  c a t i o n s  in  t h e  soi l  a n d  Mo i s  p r e s e n t  p r e d o m i n ­
a n t l y  a s  a n  an io n  t h i s  is u n l i k e l y  to  b e  t h e  c a u s e  o f  t h e  d i f f e r e n t  
b e h a v i o u r  o f  t h e  s o i l s ,  r a t h e r  i t  i s  p r o b a b l y  r e l a t e d  to  a  f a c t o r  o r  a 
co m b in a t io n  of f a c t o r s  t h a t  w as  n o t  m e a s u r e d .  I t  i s  p o s s i b l e ,  h o w e v e r ,  
t h a t  t h e  g r e a t e r  A1 c o n c e n t r a t i o n  r e f l e c t s  t h e  p r e s e n c e  o f  more  A1 o x i d e s  
w hich  a r e  k n o w n  to  a b s o r b  Mo ( P a r f i t t ,  1978) .
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T h e  i n c r e a s e  in  soi l Mo a v a i l a b i l i t y  fo l low ing  l im ing  is  a t t r i b u t e d  
to  an ion  e x c h a n g e  b e t w e e n  O H -  a n d  MoOi,2- ( F l e m i n g ,  1980) ,  so  i t  i s 
p o s s i b l e  t h a t  t h e r e  a r e  m ore  a d s o r p t i v e  s u r f a c e s  p r e s e n t  in t h e  more  
r e s p o n s i v e  soi ls  -  p a r t i c u l a r l y  Mn,  A1 a n d  Fe  o x i d e s .  I f  t h i s  is  so 
t h e  co m b in a t io n  o f  l e s s  a d s o r p t i v e  s u r f a c e s  t o g e t h e r  w i th  more  OM fo r  
soil 8 ( b u t  n o t  soil  7), w h e r e  Mo c a n  b e  h e l d ,  will m ean  l e s s  soil 'Mo 
r e s p o n s e ' ,  s i n c e  Mo in  c o m b i n a t i o n  w i th  OM is  l e s s  a f f e c t e d  b y  pH t h a n  
' i n o r g a n i c a l l y '  a d s o r b e d  Mo (B lo o m f ie ld  a n d  K e l s o ,  1973) .  In  o r d e r  
to  a s c e r t a i n  w h e t h e r  t h e r e  a r e  m ore  p o t e n t i a l  s i t e s  f o r  Mo a d s o r p t i o n  
a n d  an io n  e x c h a n g e  p r e s e n t  in  t h e  m ore  M o - r e s p o n s i v e  s o i l s ,  i t  w ou ld  
be  n e c e s s a r y  to  e s t a b l i s h  t h e  t y p e s  a n d  p r o p o r t i o n s  o f  t h e  d i f f e r e n t  
soil  c l a y s  a n d  o x i d e s  p r e s e n t  a n d  to  a s s e s s  t h e i r  r e l a t i v e  a d s o r p t i v e  
c a p a c i t i e s .
T h e r e  is  e v i d e n c e  ( e . g .  M i tch e l l ,  1964; F l e m i n g ,  1980) t h a t  
m i c r o - o r g a n i s m s  may a l so  p l a y  a  g r e a t e r  ro le  in  soi l  Mo a v a i l a b i l i t y  
t h a n  was p r e v i o u s l y  t h o u g h t ,  b o t h  b y  e n c o u r a g i n g  Mo u p t a k e  a n d  b y  
i n c r e a s i n g  Mo a v a i l a b i l i t y  b y  f i x a t i o n  of  Mo on m ic ro b ia l  o r g a n i c  c o m p l e x e s  
r a t h e r  t h a n  on  o t h e r  soi l c o m p o n e n t s .  I t  i s  p o s s i b l e  t h a t  t h e r e  a r e  
d i f f e r e n t  t y p e s  o f  m i c r o - o r g a n i s m s  p r e s e n t  in  t h e  tw o  c l a s s e s  o f  Mo- 
r e s p o n s i v e  s o i l s .
Su lp h u r
T h e  e x t r a c t a b l e  SOIt2_- S  c o n c e n t r a t i o n s  in  t h e  so i ls  s t u d i e d  a n d  
th e  h e r b a g e  S c o n c e n t r a t i o n s  o f  p l a n t s  g r o w n  in  t h e s e  soi ls  w e re  m od i f ied  
b y  t h e  t r e a t m e n t s  a p p l i e d  in  t h e  s ix  e x p e r i m e n t s .  A l t h o u g h  b o t h  S 
a n d  Mo a r e  p r e s e n t  in  t h e  soi l  p r e d o m i n a n t l y  a s  a n i o n s  (Mo c a n  a l so  
e x i s t  a s  a c a t i o n )  a n d  u n d e r g o  s im i la r  r e a c t i o n s ,  t h e  m a g n i t u d e  of  t h e  
r e s p o n s e s  to  t h e  a p p l i e d  t r e a t m e n t s  w as  l e s s  f o r  S t h a n  i t  was f o r  Mo
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b o t h  w i th in  so i l s  a n d  b e t w e e n  so i l s  ( i . e .  r e l a t i v e  a n d  a b s o l u t e ) .  F o r  
e x a m p l e ,  w h e r e a s  so i l s  2 a n d  5 w h e n  l imed p r o d u c e d  t h e  g r e a t e s t  i n c r e a s e s  
in h e r b a g e  Mo c o n c e n t r a t i o n ,  t h e y  p r o d u c e d  t h e  s m a l l e s t  i n c r e a s e s  in 
h e r b a g e  S c o n c e n t r a t i o n s .
T h e  o r d e r  o f  r a n k i n g  o f  t h e  e x t r a c t a b l e  soi l  S 0 42_- S  c o n t e n t s  
o f  t h e  u n a m e l i o r a t e d  soi l s  w a s :
6 > 5 > 1 > 2 > 8  = 7 > 9 > 4 > 3
w i th  a r a n g e  o f  9 to  66 mg S O ^ - S  k g -1 o v e n - d r y  soi l  a n d  a mean of  
29 .3  mg k g - 1 . T h i s  o r d e r  w as  b a s i c a l l y  u n a l t e r e d  in  t h e  u n l im e d  soi ls  
o f  E x p e r i m e n t  1A w h e r e  o n ly  b a s a l  NPK h a d  b e e n  a d d e d ,  b u t  was c h a n g e d  
w h e n  lime w a s  a l s o  a p p l i e d  ( T a b l e  A 3 . 7 ) .  Soil 8,  in  p a r t i c u l a r ,  s h o w e d  
a  l a r g e  c h a n g e  in  i t s  r e l a t i v e  p o s i t i o n  a f t e r  l im ing  b e c a u s e  of a  l a r g e  
i n c r e a s e  in  e x t r a c t a b l e  soi l S O ^ - S  c o n t e n t s  a t  t h e  e n d  o f  t h e  e x p e r i ­
m e n t ;  b u t  i f  t h e  r e s u l t s  of  E x p e r i m e n t  IB ( F i g u r e  3 .8  a n d  T a b le  A 3 .8 )  
a r e  s t u d i e d ,  i t  i s  s e e n  t h a t  n e a r l y  al l t h i s  i n c r e a s e  o c c u r r e d  b e t w e e n  
l e v e l s  3 a n d  4,  i . e .  pH 6 a n d  7 . 5  -  t h e  h e a v i l y  o v e r l i m e d  t r e a t m e n t .
I f  t h e  r e s u l t s  of  t h e  o t h e r  e x p e r i m e n t s  a r e  c o n s i d e r e d  i t  i s  s e e n  t h a t  
a t  p H s  á 6 . 5 ,  t h e  e x t r a c t a b l e  S ( \ 2~-S  c o n t e n t  o f  soi l  8 w as  g e n e r a l l y  
l e s s  a f f e c t e d  b y  t h e  im posed  t r e a t m e n t s  t h a n  t h a t  o f  soil  2 ( e . g .  F i g u r e s  
3 .35  a n d  3 . 5 1 ) .
I t  w a s  d i f f i c u l t  t o  d i s c e r n  w h i c h  o f  t h e  so i l s  e x h i b i t e d  t h e  g r e a t e s t  
i n c r e a s e  in  e x t r a c t a b l e  soi l SOil2_- S  in  E x p e r i m e n t  1A ( F i g u r e  3 .7 )  
a s  t h e  r e s p o n s e s  p r o d u c e d  v a r i e d  w i th  t h e  a m o u n t  o f  lime a p p l i e d  a n d  
w i th  t h e  t im e  o f  s a m p l i n g ,  b u t  so i l s  3 a n d  7 c o n s i s t e n t l y  g a v e  t h e  lo w e s t  
i n c r e a s e s .  A s  f o r  t h e  o t h e r  e l e m e n t s  s t u d i e d  ( C u  a n d  Mo) it  i s d i f f i c u l t  
to  p r o p o s e  a  r e a s o n a b l e  h y p o t h e s i s  f o r  t h e  d i f f e r i n g  r e s p o n s e s  of  t h e  
soi ls  w h e n  o n l y  o n e  form of  a n a l y s i s  w as  u s e d  f o r  t h e  e l e m e n t  in  q u e s t i o n ;
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a n d  t h e  p r o p o r t i o n s  a n d  t y p e s  of  d i f f e r e n t  a d s o r b i n g  s u r f a c e s  p r e s e n t  
in  t h e  soi l ( o x i d e s ,  c l a y s ,  OM) a r e  n o t  k n o w n .  Soil 3 d i d  n a t u r a l l y  
c o n t a i n  t h e  l e a s t  e x t r a c t a b l e  S 0 42_- S  b u t  soil  7 w as  in t h e  middle  of  
t h e  r a n g e  o f  c o n t e n t s  a t  18 mg SO^2 -  k g -1 o v e n - d r y  so i l ,  w h ich  was 
a s imilar  c o n t e n t  t o  soi l  4 (16 m g  SOi*2-  k g -1 o v e n - d r y  soi l )  , y e t  soil  
4 e x h i b i t e d  o n e  o f  t h e  b i g g e s t  r e s p o n s e s  to  l im in g .
Where  c o r r e l a t i o n  a n a l y s e s  w e r e  c a r r i e d  o u t  b e t w e e n  soil a n d  
h e r b a g e  S c o n t e n t s  a t  t h e  sa m e  h a r v e s t ,  t h e y  w e r e  a l w a y s  f o u n d  to  
b e  s i g n i f i c a n t :  p  <0.01 f o r  E x p e r i m e n t  IB f i r s t  h a r v e s t  a n d  E x p e r i m e n t
4 f ina l  h a r v e s t ,  a n d  p  <0 .001  f o r  t h e  s e c o n d  h a r v e s t  of  E x p e r i m e n t  
IB a n d  t h e  f i n a l  h a r v e s t s  of  E x p e r i m e n t s  1 A , IB , 5 a n d  6 B . C o r r e l a t i o n  
a n a l y s e s  w e r e  a l so  c a r r i e d  o u t  b e t w e e n  t h e  i n i t i a l  e x t r a c t a b l e  soil 
S O i ^ - S  c o n t e n t s  a n d  h e r b a g e  S c o n c e n t r a t i o n s  a n d  w e r e  f o u n d  to  b e :  
n o n - s i g n i f i c a n t  a t  t h e  f i r s t  h a r v e s t  f o r  E x p e r i m e n t  IB a n d  b o t h  h a r v e s t s  
of  E x p e r i m e n t  5; p  <0 .05 a t  t h e  f i r s t  h a r v e s t  o f  E x p e r i m e n t  1 A , t h e  
s e c o n d  h a r v e s t  o f  E x p e r i m e n t  IB , b o t h  h a r v e s t s  o f  E x p e r i m e n t  4 a n d  
t h e  one  h a r v e s t  o f  E x p e r i m e n t  6 B ; a n d  p <0.001 a t  t h e  s e c o n d  a n d  
t h i r d  h a r v e s t s  o f  E x p e r i m e n t  1A a n d  t h e  t h i r d  h a r v e s t  o f  E x p e r i m e n t  
I B .  F o r  t h e  e x p e r i m e n t s  in  w h i c h  tw o  s p e c i e s  w e r e  g r o w n  i t  was 
o b s e r v e d  t h a t  PRG h e r b a g e  S c o n c e n t r a t i o n s  w e r e  b e t t e r  c o r r e l a t e d  
with  e x t r a c t a b l e  soi l  S O t|2_- S  c o n t e n t s  t h a n  w e r e  WC h e r b a g e  S c o n t e n t s .  
T h e  e x t r a c t a n t  u s e d  f o r  t h e  SOl,.2_- S  w as  KP^POi,. w h ic h  e x t r a c t s  t h e  
r e a d i l y  s o l u b l e  s u l p h a t e  p l u s  some a d s o r b e d  SOi*2-  a s  well a s  a l i t t l e  
o r g a n i c a l l y  a d s o r b e d  SOi*2- -  PCX*3- e x t r a c t a n t s  a r e  c o n s i d e r e d  to  g iv e  
good  c o r r e l a t i o n s  b e t w e e n  soi l  S e x t r a c t e d  a n d  p l a n t  S u p t a k e  ( T s u j i  
a n d  G o h ,  1979) .  B u t  t h e  c o n s i d e r a t i o n s  of  t h e  d i f f e r e n c e s  b e t w e e n  
r h i z o s p h e r e  a n d  b u l k  soi l a n d  t h e  l im i t a t i o n s  o f  a n y  soil  e x t r a c t a n t ,  
a s  d i s c u s s e d  on  p a g e  192, a p p l y  to  SCR2- a s  well a s  f o r  Cu a n d  Mo.
202.
T h e  r a n k i n g  of  t h e  soi ls  w i th  r e g a r d  to  t h e  S c o n c e n t r a t i o n  of 
p l a n t s  g r o w n  in  t h e m  a l t e r e d  a s  t h e  a m o u n t  of  l ime a p p l i e d  i n c r e a s e d  
a n d  a l so  w i t h  t h e  h a r v e s t  u n d e r  c o n s i d e r a t i o n  ( T a b l e  A 3 . 1 5 ) .  T h e  
o r d e r  of  r a n k i n g  o f  t h e  soi ls  w i th  r e g a r d  to  t h e  r e l a t i v e  s ize  of  t h e  
r e s p o n s e  in  p l a n t  S c o n c e n t r a t i o n s  ( u n l i m e d  soi l c o m p a r e d  to  soil a t  
lime l e v e l  4) w a s ,  h o w e v e r ,  more  o r  l e s s  t h e  sa me  a t  e a c h  h a r v e s t  a n d  
was  b a s c i a l l y :
8 > 9 > 7 > 6 > 3 > 4 > 1 > 2 > 5
a l t h o u g h  t h e  r e l a t i v e  p o s i t i o n  o f  so i l s  6 , 7 , 8  a n d  9 d i d  a l t e r  a t  e a c h  
h a r v e s t .
T h e  t h r e e  so i l s  t h a t  p r o d u c e d  t h e  p l a n t s  s h o w i n g  t h e  l e a s t  r e s ­
p o n s e  in  p l a n t  S c o n c e n t r a t i o n s  a f t e r  l im ing  w e r e  t h o s e  w i th  t h e  h i g h e s t  
e x t r a c t a b l e  A1 c o n t e n t s  w h e n  u n a m e l i o r a t e d  ( T a b l e  3 . 2 )  a n d  c o n s e q u e n t l y  
t h e  soi ls  w h i c h  p r o d u c e d  t h e  g r e a t e s t  i n c r e a s e  in  DM p r o d u c t i o n  a f t e r  
l iming ( T a b l e  A 3 .  9 ) .  I t  i s  t h e r e f o r e  p o s s i b l e  t h a t  t h e  l a c k  of  r e s p o n s e  
was  a  ' d i l u t i o n  e f f e c t ' ,  i . e .  a l t h o u g h  t h e  a m o u n t  o f  S t a k e n  u p  was 
e n h a n c e d  b y  l i m in g ,  so was DM p r o d u c t i o n ,  a n d  c o n s e q u e n t l y  t h e r e  
was l i t t l e  e f f e c t  o f  l im ing  on  h e r b a g e  S c o n c e n t r a t i o n s .
T h e  m e a n  a m o u n t s  o f  S in  t h e  h e r b a g e  g r o w n  in  e a c h  soil a t  t h e  
d i f f e r e n t  l ime l e v e l s  f o r  t h e  t h r e e  h a r v e s t s  o f  E x p e r i m e n t  1A a r e  g i v e n  
in T a b l e  4 . 1  a n d  i t  c a n  b e  c a l c u l a t e d  t h a t  t h e  o r d e r  of  ' r e s p o n s i v e n e s s '  
w as :
2 > 4 > 5 > 9 > 6 > 7 > 1 > 3 > 8
T h a t  i s ,  w h e n  a m o u n t s  of  h e r b a g e  S w e re  c o n s i d e r e d  soi ls  2 a n d  5 d id  
show r e l a t i v e l y  l a r g e  i n c r e a s e s  fo l lo w in g  l im in g ,  a l t h o u g h  soil  1 d id  
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T h e  b e h a v i o u r  o f  t h e  a m o u n t s  o f  S t a k e n  u p  b y  PRG g ro w n  in 
soil 8 was a n a l a g o u s  to  t h a t  in  so i l s  2 a n d  5, i . e .  i t  a l so  moved  from 
b e i n g  a t  o n e  e n d  o f  t h e  r a n k i n g  to  t h e  o t h e r .  H o w e v e r ,  i t  is  d i f f i c u l t  
to  i n t e r p r e t  t h e  r e s u l t s  f o r  soi l  8 a s  lime l e v e l  4 w a s  c o n s i d e r a b l y  o v e r ­
l imed w ith  c o n s e q u e n t  r e l e a s e  o f  SOi*2 -S b y  a n io n  e x c h a n g e  on h y d r o u s  
o x i d e s  ( H a r w a r d  a n d  R e i s e n a u e r ,  1966) a n d  m i n e r a l i z a t i o n  (Williams, 
1967b)  w h ic h  l e d  t o  i n c r e a s e d  p l a n t  h e r b a g e  S c o n c e n t r a t i o n s  b u t  g r e a t l y  
r e d u c e d  DM p r o d u c t i o n .
A s  a l r e a d y  d i s c u s s e d ,  i t  i s  n o t  e a s y  to  e x p l a i n  t h e  r e l a t i v e  l eve l  
of  r e s p o n s e  p r o d u c e d  in  a n d  on  a n y  o f  t h e  s o i l s ;  a n d  t h e  r e m a i n i n g  
soi l s  a r e  m ore  o r  l e s s  i n d i s t i n g u i s h a b l e  f rom e a c h  o t h e r  in  d e g r e e  of  
r e s p o n s e  a n d  a m o u n t s  of  S p r e s e n t  ( i n  b o t h  soi l  a n d  h e r b a g e ) .
2. "D R A IN A G E”
T h e  e f f e c t  t h a t  soi l w a t e r  c o n t e n t  h a s  on t h e  C u ,  Mo a n d  S c o n t e n t  
o f  soi ls  a n d  of  p l a n t s  g r o w n  in  t h e  so i l s  was i n v e s t i g a t e d  in E x p e r i m e n t  
6 -  soi l s  2 a n d  8 w e r e  i n c u b a t e d  a t  d i f f e r e n t  m o i s t u r e  c o n t e n t s  f o r  t h r e e  
m o n t h s  ( P a r t  A)  a n d  p l a n t s  w e r e  t h e n  g r o w n  in  t h e  p r e - t r e a t e d  soi ls 
( P a r t  B ) .  T h e  r e s u l t s  a r e  g i v e n  in  C h a p t e r  I I I ,  S e c t io n  2 .6 .
C opper
(a) Soil incubation
T h e  E D T A - e x t r a c t a b l e  soi l C u  c o n c e n t r a t i o n s  o f  soi ls  2 a n d  8 
w e r e  r e l a t i v e l y  u n a l t e r e d  b y  t h r e e  m o n t h s  mois t  i n c u b a t i o n  with  a n d  
w i th o u t  a d d e d  lime ( F i g u r e  3 . 4 9 ) .  A d e c r e a s e  in E D T A - e x t r a c t a b l e  
Cu was n o t e d  b y  Williams (1981)  f o r  t e n  S c o t t i s h  so i l s  fo l low ing  a t e n -  
m on th  moist  i n c u b a t i o n . H o w e v e r , s i n c e  all t e n  soi ls  s t u d i e d  were  f rom
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lo w la n d  s i t e s  t h e i r  p r o p e r t i e s  w e r e  v e r y  d i f f e r e n t  f rom  hi l l  soi ls 2 a n d  
8 u s e d  in  t h i s  w o r k ,  e . g .  h i g h e r  n a t u r a l  p H s  a n d  E D T A - e x t r a c t a b l e  
C u  c o n t e n t s  a n d  lo w e r  OM c o n t e n t s .
W a t e r l o g g i n g  o f  soi l 8 d i d  n o t  a l t e r  t h e  E D T A - e x t r a c t a b l e  Cu 
c o n t e n t  ( F i g u r e  3 .4 9 b )  b u t  f o r  soil  2 p r o d u c e d  a  l a r g e  in i t i a l  dec l in e  
fo l lowed  b y  a  smal l  r e c o v e r y  ( F i g u r e  3 .4 9 a )  . N g  a n d  Bloomfie ld  (1962)  
h a v e  a l so  o b s e r v e d  e x t r a c t a b l e  soi l  C u  c o n t e n t s  to  d e c l i n e  wi th  w a t e r ­
l o g g i n g .  A l t h o u g h  C u  d o e s  n o t  i t s e l f  u n d e r g o  a n y  chem ica l  c h a n g e s  
w h e n  r e d u c i n g  c o n d i t i o n s  d e v e l o p  in a  soil  fo l low ing  w a t e r l o g g i n g ,  
i t s  a v a i l a b i l i t y  will  c h a n g e  b e c a u s e  of :  m ic ro b ia l  im m obi l iza t ion ,  i n c r e a s e d
Cu-OM c o m p l e x a t i o n  a s  soil  OM i s  s o l u b i l i z e d  a n d  b r o k e n  d o w n ,  a n d  
i n c r e a s e d  a d s o r p t i o n  on n e w l y  e x p o s e d  o x i d e  s u r f a c e s  ( p a r t i c u l a r l y  Mn) 
( e . g .  B a s a k  et al. , 1982; H a i d a r  a n d  M a n d a l ,  1979) .
L im ing  t h e  soi l  p r i o r  to  w a t e r l o g g i n g  d i d  n o t  m o d i fy  t h e  e f f e c t  
o f  w a t e r l o g g i n g  on  e x t r a c t a b l e  C u  c o n c e n t r a t i o n s  f o r  e i t h e r  soi l ,  a l t h o u g h  
i t  m ig h t  b e  e x p e c t e d  to  i n t e n s i f y  t h e  r e d u c i n g  c o n d i t i o n s  a n d  b r i n g  
a b o u t  a n y  c h a n g e s  more r a p i d l y  ( e . g .  N g  a n d  B lo o m f ie ld ,  1962; I u ,
1981) .  ( T h e  d e c l i n e  in  e x t r a c t a b l e  C u  in  soi l  2 w i t h  w a t e r l o g g i n g  d id  
p r o c e e d  m a r g i n a l l y  m ore  q u i c k l y  w h e n  lime w as  p r e s e n t . )  R e d u c i n g  
c o n d i t i o n s  a r e  a l s o  b e l i e v e d  to  b e  i n t e n s i f i e d  b y  h i g h  OM c o n t e n t s  b u t  
t h e  e x t r a c t a b l e  C u  c o n t e n t  o f  t h e  m ore  o r g a n i c  so i l ,  n u m b e r  8, was 
n o t  a f f e c t e d  b y  w a t e r l o g g i n g  in  c o n t r a s t  to  t h e  r e s u l t s  o f  H a i d a r  a n d  
Manda l  (1979)  -  a l t h o u g h  t h e y  a d d e d  OM to  a  r i c e  soil  ( h i g h  pH )  r a t h e r  
t h a n  u s i n g  a  soi l  w i th  a  n a t u r a l l y  h i g h  OM c o n t e n t  a n d  low p H .
I u  (1981)  e x a m i n e d  t h e  b e h a v i o u r  o f  t h e  d i f f e r e n t  soil  Cu  f r a c t i o n s  
to  w a t e r l o g g i n g  a n d  o b s e r v e d  t h a t  t h e  s o l u b l e ,  e x c h a n g e a b l e  a n d  o r g a n ­
ica l ly  b o u n d  C u  d e c r e a s e d  w h e r e a s  t h e  s p e c i f i c a l l y  a d s o r b e d  a n d  ox id e  
a d s o r b e d  C u  i n c r e a s e d .  H e n c e  t h e  r e l a t i v e  b a l a n c e  o f  t h e s e  f r a c t i o n s
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in  a  soi l will d e t e r m i n e  how i t s  C u  c o n t e n t  is  a f f e c t e d  b y  w a t e r l o g g i n g .  
Since  f r a c t i o n a t i o n  o f  t h e  soi l C u  w as  n o t  p o s s i b l e  in t h e  w o rk  r e p o r t e d  
in  t h i s  t h e s i s ,  a fu l l  e x p l a n a t i o n  f o r  t h e  d i f f e r e n c e  in  b e h a v i o u r  of  
t h e  e x t r a c t a b l e  C u  c o n t e n t s  o f  so i l s  2 a n d  8 c a n n o t  b e  g i v e n .
(b ] P lant grow th
T h e  E D T A - e x t r a c t a b l e  soil  C u  c o n t e n t  o f  b o t h  soi l  2 a n d  soil 8 
was  u n a f f e c t e d  b y  t h e  tw o  w a t e r i n g  r e g i m e s  (60% a n d  100% FC )  ( T a b l e  
3 .14)  a s  w a s  t h e  h e r b a g e  C u  c o n c e n t r a t i o n  of  t h e  PRG g r o w n  in soil  8 
( F i g u r e  3 . 5 4 b ) .  T h e  h e r b a g e  C u  c o n t e n t  of  PRG g r o w n  in soil 2 w a s ,  
h o w e v e r ,  l e s s  w h e n  PRG w as  g r o w n  u n d e r  t h e  w e t t e r  c o n d i t i o n s  ( F i g u r e  
3 . 5 4 a ) .  T h e r e  w a s  g r e a t e r  h e r b a g e  DM p r o d u c t i o n  ( T a b l e  3 .17)  in 
t h e  w e t t e r  t r e a t m e n t  f o r  b o t h  so i l s  b u t  t h e  r e l a t i v e  i n c r e a s e  was g r e a t e r  
fo r  soil  2 so t h e  d i f f e r e n c e  n o t e d  a b o v e  c o u ld  b e  a d i l u t i o n  e f f e c t  ( s e e  
p a g e  3 0 ) .
F o r  b o t h  so i l s  t h e  w a t e r l o g g i n g  p r e - t r e a t m e n t  r e s u l t e d  in h i g h e r  
e x t r a c t a b l e  soi l  C u  a n d  p l a n t  C u  c o n t e n t s  t h a n  t h e  d r y  a n d  moist  p r e ­
t r e a t m e n t s ,  d e s p i t e  o n ly  soil  2 e x h i b i t i n g  a n  e f f e c t  on  e x t r a c t a b l e  C u  
c o n t e n t s  ( a  d e c r e a s e )  w i th  w a t e r l o g g i n g  d u r i n g  t h e  soi l  i n c u b a t i o n  
( s e e  a b o v e ) .  H o w e v e r ,  t h e  w a t e r l o g g e d  soi ls  f ro m t h e  i n c u b a t i o n  h a d  
b e e n  d r i e d  o u t  s l i g h t l y  b e t w e e n  t h e  tw o  p a r t s  o f  E x p e r i m e n t  6 ( in  o r d e r  
f o r  p l a n t  g r o w t h  t o  b e  p o s s i b l e )  a n d  d u r i n g  t h i s  t ime r e o x i d a t i o n  of 
t h e  so i l s  h a d  p r o b a b l y  o c c u r r e d  w i th  a s s o c i a t e d  b r e a k d o w n  of  soil o x i d e s  
a n d  r e l e a s e  o f  a d s o r b e d  C u .  T h e  e x t r a c t a b l e  C u  c o n t e n t  of  soi l 8 a p p r o x i ­
m ate ly  d o u b l e d  b e t w e e n  P a r t  A a n d  P a r t  B o f  t h e  e x p e r i m e n t  a n d  t h a t  of  
soi l 2 i n c r e a s e d  f i v e - f o l d .  An  i n c r e a s e  in  p l a n t  Cu  c o n t e n t  fo l lowing  soil  
w a t e r l o g g i n g  h a s  a l s o  b e e n  r e c o r d e d  b y  Iu  et a I . ( 1982) f o r  F r e n c h  




N e i t h e r  w a t e r l o g g i n g  n o r  l ime a d d i t i o n  h a d  a n  e f f e c t  on t h e  e x t r a c ­
t a b l e  Mo c o n t e n t  o f  soi l 8 ( F i g u r e  3 . 5 0 b ) ,  b u t  b o t h  t r e a t m e n t s  i n c r e a s e d  
t h e  am o u n t  of  Mo e x t r a c t a b l e  f ro m  soil  2 a n d  t h e i r  e f f e c t  was a d d i t i v e  
( F i g u r e  3 . 5 0 a ) .  A l t h o u g h  i t  i s  w i d e l y  a c c e p t e d  t h a t  t h e  e x t r a c t a b l e  
Mo c o n t e n t  o f  so i l s  is  i n c r e a s e d  b y  p o o r  d r a i n a g e ,  t h e r e  is  l i t t l e  p u b l i s h e d  
e v i d e n c e  b u t  tw o  e x a m p l e s  a r e  N g  a n d  Bloom fie ld  ( 1962) a n d  Mitchell  
( 1964) .  T h e  r e s u l t s  f r om  E x p e r i m e n t  6A s u g g e s t  t h a t  soi l  t y p e  h a s  
a  s t r o n g  i n f l u e n c e  on  t h e  e f f e c t  o f  w a t e r l o g g i n g / p o o r  d r a i n a g e  on e x t r a c ­
t a b l e  soi l Mo c o n c e n t r a t i o n s .
T h e  i n c r e a s e d  e x t r a c t a b l e  Mo c o n t e n t  o f  soil  2 i s  a t t r i b u t a b l e  
to  t h e  r e l e a s e  o f  m o l y b d a t e  f ro m  soi l  o x i d e s  a n d  OM, w h i c h  b r o k e  down 
w h e n  r e d u c i n g  c o n d i t i o n s  d e v e l o p e d .  T h e  i n c r e a s e  o f  soil  pH in  t h e  
w a t e r l o g g e d  so i l s  ( d u e  to  lime a d d i t i o n  a n d / o r  t h e  e f f e c t s  o f  w a t e r l o g g i n g  -  
F i g u r e  3 .4 8 a )  will h a v e  e n c o u r a g e d  t h e  a d s o r p t i o n  o f  POi*3- r a t h e r  t h a n  
MoOi,2- a n d  h e n c e  h a v e  c o n t r i b u t e d  t o  t h e  i n c r e a s e  in  e x t r a c t a b l e  soil  
Mo ( s e e  p a g e  21 5 ) .
(b )  Plant grow th
T h e  m o i s t u r e  r e g i m e  a t  w h i c h  t h e  soi l s  w e r e  m a i n t a i n e d  d u r i n g  
p l a n t  g r o w t h  d i d  n o t  a f f e c t  t h e  e x t r a c t a b l e  soi l Mo c o n c e n t r a t i o n  of 
e i t h e r  soil ( T a b l e  3 .1 5 )  o r  t h e  Mo c o n t e n t  of  p l a n t s  g r o w n  in  soil  2 
( F i g u r e  3 . 5 5 a ) ;  b u t  f o r  soi l 8 t h e  w e t t e r  r e g im e  r e s u l t e d  in lower  p l a n t  
Mo c o n t e n t s  ( F i g u r e  3 . 5 5 b ) .  In  c o n t r a s t  to  t h e  p l a n t  C u  c o n c e n t r a t i o n s  
t h e r e  was t h e r e f o r e  n o  e v i d e n c e  o f  a  d i l u t io n  e f f e c t  in  soi l 2 b u t  t h e r e  
was e v i d e n c e  in  soi l 8; d i f f e r e n c e s  in  t h e  p l a n t  u p t a k e  m e c h a n i sm s  
fo r  Mo ( a n  a n i o n )  a n d  Cu  ( a  c a t i o n )  c o u l d  e x p l a i n  t h i s  a n o m a ly .
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Soil 2 w h ic h  h a d  b e e n  w a t e r l o g g e d  a s  a p r e - t r e a t m e n t  c o n t a i n e d  
more  e x t r a c t a b l e  Mo t h a n  t h e  m o is t  o r  d r y  p r e - t r e a t e d  so i l ,  a l t h o u g h  
t h e r e  was t w o - t h i r d s  l e s s  Mo e x t r a c t a b l e  a t  t h e  s t a r t  o f  P a r t  B t h a n  
a t  t h e  e n d  of  P a r t  A ,  i . e .  r e o x i d a t i o n  o f  t h e  soil  a s  i t  d r i e d ,  led  to  
r e a d s o r p t i o n  o f  some of  t h e  Mo r e l e a s e d  b y  w a t e r l o g g i n g .  H o w e v e r ,  
t h e r e  was a l so  a d e c r e a s e  in  t h e  Mo c o n t e n t  o f  t h e  m ois t  i n c u b a t e d  soil  
b e t w e e n  t h e  tw o  p h a s e s  o f  t h e  e x p e r i m e n t  a l t h o u g h  n e i t h e r  soil pH 
n o r  a m o u n t  o f  w a t e r  p r e s e n t  a l t e r e d .
T h e  e x t r a c t a b l e  Mo c o n t e n t  o f  soi l  8 h a d  n o t  b e e n  a f f e c t e d  b y  
w a t e r l o g g i n g  d u r i n g  t h e  i n c u b a t i o n  a n d  l i k e w i s e  w h e n  u s e d  fo r  P a r t  B 
t h e  soi l c o n t a i n e d  s imi la r  a m o u n t s  o f  Mo to  t h a t  w h ic h  h a d  b e e n  i n c u b a t e d  
m ois t .  T h e  Mo c o n t e n t  of  t h e  i n c u b a t e d  so i l s  ( m o i s t  a n d  w a t e r l o g g e d )  
d e c r e a s e d  b e t w e e n  t h e  tw o  p h a s e s  o f  t h e  e x p e r i m e n t  a s  h a d  a lso o c c u r r e d  
fo r  soil 2, b u t  t o  a  l e s s e r  e x t e n t ,  p o s s i b l y  b e c a u s e  o f  t h e  more o r g a n i c  
n a t u r e  of  t h e  so i l .  N g  a n d  B loom f ie ld  ( 1962) s u g g e s t  t h a t  t h e  p r e s e n c e  
of  OM i n h i b i t s  c o p r e c i p i t a t i o n  o f  Mo w i t h  f e r r i c  o x i d e s  f o r m e d  on r e ­
a e r a t i o n  of  w a t e r l o g g e d  s o i l s .  I t  h a d  b e e n  e x p e c t e d  t h a t  t h e  soil w hic h  
h a d  b e e n  s t o r e d  d r y  m i g h t  c o n t a i n  l e s s  e x t r a c t a b l e  Mo a t  t h e  s t a r t  o f  
P a r t  B t h a n  e i t h e r  o f  t h e  i n c u b a t e d  so i l s  b e c a u s e  t h e  Mo would  sti ll  
b e  a d s o r b e d ;  b u t  i t  c o n t a i n e d  m o r e .  T h i s  w a s  p r o b a b l y  b e c a u s e  w a t e r  
a n d  lime h a d  o n l y  r e c e n t l y  b e e n  a p p l i e d  a n d  t h u s  m ic ro b ia l  a c t i v i t y  
a n d  n u t r i e n t  r e l e a s e  h a d  b e e n  e n c o u r a g e d  ( t h e  ' B i r c h '  e f f e c t :  see
p a g e  21) .
T h e  w a t e r l o g g e d  p r e - t r e a t e d  soi l  2 c o n t a i n e d  m o re  e x t r a c t a b l e  
soil  Mo t h a n  t h e  o t h e r  two p r e - t r e a t m e n t s  b u t  PRG g r o w n  in t h i s  soil 
c o n t a i n e d  l e s s  Mo. T h i s  is  c o n s i s t e n t  w i th  t h e  o b s e r v a t i o n s  of  D a v e y  
( 1957) b u t  is  t h e  r e v e r s e  o f  t h e  g e n e r a l  a c c e p t e d  r e l a t i o n s h i p  ( e . g .  
K u b o t a  et a l . , 1963) .  F o r  soi l 8 t h e  p r e - t r e a t m e n t  w h ic h  c o n t a i n e d  t h e
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most  e x t r a c t a b l e  Mo s u p p o r t e d  t h e  p l a n t s  c o n t a i n i n g  t h e  most  Mo, i . e .  
t h e  d r y  p r e - t r e a t m e n t .  T h e  d r y  p r e - t r e a t m e n t  h a d  a l s o  s u p p o r t e d  
t h e  p l a n t s  w i th  t h e  g r e a t e s t  Mo c o n c e n t r a t i o n s  f o r  soi l 2.  I t  i s  p o s s i b l e  
t h a t  t h e  m o i s t / w a t e r l o g g e d  i n c u b a t i o n  o f  t h e  so i l s  p r o d u c e d  a  c o m p o u n d ,  
f o r  e x a m p le  h i g h  c o n c e n t r a t i o n s  of  e t h y l e n e  (D ow de l l  et a!.,  1972) ,  
w h ic h  b o t h  r e d u c e d  p l a n t  p r o d u c t i o n  ( T a b l e  3 .1 7 )  a n d  i n t e r f e r e d  w i th  
p l a n t  Mo u p t a k e .
S u lp h u r
(a) Soil incubation
W a t e r l o g g i n g  o f  soi l 2 a n d  soi l 8 p r o d u c e d  a  d e c r e a s e  in  t h e  c o n ­
c e n t r a t i o n  o f  e x t r a c t a b l e  soil  SOi+2_- S  w h ic h  w a s  m ore  d r a m a t i c  in  soil
2 t h a n  soi l  8,  a n d  o c c u r r e d  l e s s  r a p i d l y  w h e r e  lime h a d  b e e n  a p p l i e d
( F i g u r e  3 . 5 1 ) .  T h e  d e c r e a s e  in  S 0 42~-S  is  a  c o n s e q u e n c e  o f  m ic rob ia l
a c t i v i t y ;  t h e  o b l i g a t e  a n a e r o b e s  D e su lfo v ib r io  a n d  Desulfotomaculum  
u s e  SO i*2- a s  a n  e l e c t r o n  a c c e p t o r  d u r i n g  r e s p i r a t i o n  a n d  r e d u c e  i t  to
S 2~.  T h e  S 2_ is  g e n e r a l l y  g i v e n  o f f  f rom t h e  soil  a s  H 2S ( t h i s  was 
smel t  in E x p e r i m e n t  6A) o r  o t h e r  v o l a t i l e  s u l p h i d e s ,  e . g .  d im e th y l  s u l p h i d e  
( L o v e lo c k  et a l ., 1975) b u t  may r e m a i n  in t h e  soil  a s  H S _ o r  a s  metal  
s u l p h i d e  p r e c i p i t a t e s ,  e . g .  F e S  ( P o n n a m p e r u m a , 1972,  1984) .
P o n n a m p e r u m a  (1972 ,  1984) h a s  d e s c r i b e d  a n  i n i t i a l  r i s e  in  e x t r a c ­
t a b l e  soil  S 0 42~ -S  c o n t e n t s  in  a c i d  so i l s  p r i o r  to  t h e  d e c r e a s e  d i s c u s s e d  
a b o v e ;  t h e  i n c r e a s e  is  d u e  to  d e s o r p t i o n  o f  S 0 42- - S  f rom  soil  c l a y s  
a n d  o x i d e s  (c f . M o ) . T h e r e  w as  some e v i d e n c e  f o r  a n  i n c r e a s e  in soil  2 
w h e n  it  was u n l i m e d  b u t  n o t  in  t h e  more  o r g a n i c  soil  8.
(b )  Plant grow th
T h e  so i l s  w h i c h  w ere  m a i n t a i n e d  a t  100% FC c o n t a i n e d  l e s s  e x t r a c ­
t a b l e  SOi*2~-S  t h a n  t h e  soi ls  m a i n t a i n e d  a t  60% FC a n d  c o r r e s p o n d i n g l y
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p l a n t s  g r o w n  in  t h e s e  so i l s  h a d  l o w e r  S c o n c e n t r a t i o n s  ( T a b l e  3 .16 
a n d  F i g u r e  3 . 5 6 ) .  A d i lu t io n  e f f e c t  ( t h e  w e t t e r  so i l s  p r o d u c e d  more  
h e r b a g e )  c o u l d  h a v e  a l s o  c o n t r i u b t e d  to  t h e  l o w e r  p l a n t  S c o n c e n t r a t i o n s .  
Williams ( 1975) o b s e r v e d  t h a t  h e r b a g e  on  p o o r l y  d r a i n e d  soi ls  c o n t a i n e d  
l e s s  S t h a n  h e r b a g e  g r o w n  in  wel l d r a i n e d  s i t e s ,  a l t h o u g h  t h e  s i t u a t i o n  
w as  r e v e r s e d  w i th  r e g a r d  to  e x t r a c t a b l e  soil  SCL2 - - S  c o n t e n t s .
F o r  b o t h  so i l s  t h e  o r d e r  o f  S 0 42_- S  c o n t e n t  w i th  r e g a r d  to  p r e ­
t r e a t m e n t  w a s  m o is t  > d r y  > w a t e r l o g g e d .  T h e  c o n t e n t  o f  SOit2_- S  w as  
u n a l t e r e d  b e t w e e n  P a r t s  A a n d  B o f  t h e  e x p e r i m e n t  f o r  t h e  mois t  t r e a t ­
m ent  b u t  t h a t  o f  t h e  w a t e r l o g g e d  h a d  i n c r e a s e d ,  p r e s u m a b l y  b e c a u s e  
SOi+2--S  w as  r e f o r m e d  a s  t h e  soi l w a s  a e r a t e d  a n d  r e o x i d i z e d .  T h e  
mois t  p r e - t r e a t e d  so i l s  c o n t a i n e d  m o re  SOit2_- S  t h a n  t h e  d r y  p r e - t r e a t e d  
s o i l s ,  p r o b a b l y  b e c a u s e ' t h e  lime h a d  b e e n  p r e s e n t  f o r  l o n g e r  a n d  t h i s  
o u t w e i g h e d  t h e  in i t i a l  f l u s h  o f  n u t r i e n t  r e l e a s e  w h e n  t h e  d r y  soil  w as  
r e w e t t e d .  T h e r e  w a s  n o  c o n s i s t e n t  p a t t e r n  in  t h e  e f f e c t  o f  p r e - t r e a t ­
m en t  on  h e r b a g e  S c o n c e n t r a t i o n s ;  t h o s e  of  PRG g r o w n  in soil  8 w e r e  
t h e  same a s  t h e  o r d e r  of  e x t r a c t a b l e  soil  SCL2_- S  b u t  t h i s  w as  n o t  so 
f o r  soil  2 ( T a b l e  A 3 .  52 ) .  H o w e v e r ,  t h e r e  was a  s t r o n g  c o r r e l a t i o n  
( p  <0.001)  b e t w e e n  t h e  soi l a n d  h e r b a g e  S c o n t e n t s  a t  h a r v e s t  ( c o n s i d e r ­
i n g  b o t h  soi ls  t o g e t h e r ) .
3. LIMING
T h e  d i s c u s s i o n  o f  t h e  e f f e c t  t h a t  l iming h a s  on t h e  s o i l - p l a n t  
r e l a t i o n s h i p s  o f  C u ,  Mo a n d  S will b e  r e s t r i c t e d  to  t h e  r e s u l t s  o f  E x p e r i ­
m e n t s  1 a n d  2; t h e  r e s u l t s  of  E x p e r i m e n t  4 -  t h e  lime x p h o s p h o r u s  
t r i a l  -  a r e  d i s c u s s e d  in S e c t io n  4 . 1  o f  t h i s  c h a p t e r .
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C opper
E D T A - e x t r a c t a b l e  soil  C u  c o n t e n t s  w e r e  r e l a t i v e l y  u n a f f e c t e d  
b y  small i n c r e a s e s  in  soil  pH b u t  l a r g e r  i n c r e a s e s  in p H ,  e s p e c i a l l y  in  
t h e  r a n g e  p H  5 - 7 ,  s l i g h t l y  i n c r e a s e d  soi l  C u  c o n t e n t s  f o r  most  of  t h e  
soi ls  s t u d i e d  ( F i g u r e  3 . 3 ) .  No s i g n i f i c a n t  c o r r e l a t i o n s  w e r e  f o u n d  
b e t w e e n  soil  pH a n d  soil  Cu  c o n t e n t s .  A n  i n c r e a s e  in  soil  so lu t io n  Cu  
c o n c e n t r a t i o n  a s  t h e  pH of  a  soi l  w a s  i n c r e a s e d  w as  o b s e r v e d  b y  M c L a r e n  
et al. (1981)  a n d  w a s  a c c o u n t e d  f o r  b y  i n c r e a s e d  s o lu b i l i z a t i o n  of  OM 
a s  t h e  pH i n c r e a s e d ,  l e a d i n g  to  i n c r e a s e d  Cu-OM c o m p l e x a t i o n  ( S a n d e r s  
a n d  B loom fie ld ,  1980; M c L a r e n  et a l . ,  1981, 1983a) .  S a n d e r s  ( 1982) 
h a s  o b s e r v e d  t h a t  t h e  a m o u n t  o f  f r e e  C u 2+ ion in t h e  soi l  so lu t ion  
d e c r e a s e s  d r a m a t i c a l l y  a s  soi l p H  i s  i n c r e a s e d ,  w h ic h  h e  a t t r i b u t e d  to  
i n c r e a s i n g  c o m p l e x a t i o n .  L im in g  s t i m u l a t e s  t h e  m in e r a l i z a t i o n  of  OM 
( E l l e t t  a n d  Hi l l ,  1929) a n d  t h i s  m ay  l e a d  to  t h e  r e l e a s e  o f  C u .  D e c r e a s e s  
in  soil C u  c o n t e n t  a s  pH is  i n c r e a s e d  h a v e  f r e q u e n t l y  b e e n  n o t e d  in 
w o r k  e a r l i e r  t h a n  t h a t  o f  M c L a r e n  a n d  S a n d e r s  c i t e d  a b o v e  ( e . g .  M c L a r e n  
a n d  C r a w f o r d ,  1 9 7 3 b ) ,  t h e  d e c r e a s e s  w e r e  a c c o u n t e d  f o r  b y  i n c r e a s e d  
C u  s o r p t i o n  on  soil  o x i d e s .  S u c h  w o r k  w a s ,  h o w e v e r ,  p e r f o r m e d  a t  
u n r e a l i s t i c a l l y  h i g h  s o lu t io n  C u  c o n c e n t r a t i o n s  r a t h e r  t h a n  a t  t h e  low 
C u  c o n c e n t r a t i o n s  f o u n d  n a t u r a l l y  in  soi ls  w h e r e  o n l y  a  smal l p e r c e n t a g e  
of  p o s s i b l e  a d s o r p t i o n  s i t e s  f o r  C u  a r e  o c c u p i e d  (Will iams,  1981) .
A d e c r e a s e  in  e x t r a c t a b l e  soi l  C u  c o n t e n t  w h e n  t h e  pH was i n ­
c r e a s e d  was o b s e r v e d  f o r  soi l  6 ( E x p e r i m e n t  1A) a n d  f o r  soil 8 ( E x p e r i ­
m en t  I B ) .  Soil 8 w a s  a  p e a t y  p o d z o l  (41% LOI)  w h ic h  c o n t a i n e d  t h e  
l e a s t  soil  e x t r a c t a b l e  C u  of  t h e  n i n e  so i l s  s t u d i e d  a n d  t h e  d e c r e a s e  
was  smal l ,  b u t  soil  6,  t h e  p e a t ,  (83% LOI)  c o n t a i n e d  t h e  most  Cu  a n d  
t h e  d e c r e a s e  w as  q u i t e  l a r g e .  I t  m i g h t  b e  e x p e c t e d  t h a t  in  s u c h  o r g a n i c  
soi ls  t h e  f o r m a t io n  o f  s o lu b l e  C u -O M  c o m p l e x e s  a t  h i g h  pH wou ld  o u t w e i g h
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t h e  i n c r e a s e d  a d s o r p t i o n  of  C u ,  a s  w a s  t h e  c a s e  in  t h e  o t h e r  so i l s ,  
b u t  t h i s  d id  n o t  h a p p e n .  T h e  r e s u l t s  f o r  soil  6 ( a  p e a t )  m u s t  be  t r e a t e d  
w ith  c a u t i o n  a s  t h e y  a r e  n o t  d i r e c t l y  c o m p a r a b l e  to  t h o s e  f o r  t h e  o t h e r  
soi l s  b e c a u s e  o f  t h e  v e r y  d i f f e r e n t  w e i g h t  to  v o lu m e  r a t i o s  ( s e e  
P i m p l a s k a r  et a l . , 1982) .  A p o s s i b l e  e x p l a n a t i o n  f o r  t h e  small d e c r e a s e  
in  e x t r a c t a b l e  C u  c o n t e n t  t h a t  o c c u r r e d  in  soi l  8 c o u l d  b e  c o m p e t i t io n  
b e t w e e n  C u  a n d  Ca  f o r  c o m p l e x a t i o n  w i th  t h e  n e w l y  s o l u b i l i z e d  OM -  
soil  8 was t h e  soil  t h a t  r e c e i v e d  t h e  l a r g e s t  lime a d d i t i o n s  ( T a b l e  A l . l ) .
T h e  p H s  o f  t h e  so i l s  in  t h i s  s t u d y  r a n g e d  f ro m 3 .0  to  7.8. ( w i t h  . 
n a t u r a l  p H s  of  3 to  5 -  m o s t  < 4 ) , w h e r e a s  m o s t  o t h e r  s t u d i e s  h a v e  b e e n  
c a r r i e d  o u t  in  t h e  pH r a n g e  5 to  7, a n d  on so i l s  t h a t  h a v e  ' f i e ld '  p H s  
in  t h i s  r a n g e  -  lo w la n d  a g r i c u l t u r a l  s o i l s .  M c L a re n  et a l . ( 1983a) o b ­
s e r v e d  a  l a c k  o f  r e s p o n s e  o f  E D T A - e x t r a c t a b l e  soi l  C u  to  pH b e t w e e n  
4 . 5  a n d  6 . 5  b u t  d e c r e a s i n g  e x t r a c t a b l e  soi l  C u  a s  pH i n c r e a s e d  from 
3 to  4 .5  a n d  i n c r e a s i n g  e x t r a c t a b l e  soi l  C u  a s  pH i n c r e a s e d  from 6 .5  
to  7 . 5 .  H o w e v e r ,  in  t h e  w o r k  p r e s e n t e d  h e r e ,  t h i s  p a t t e r n  o f  r e s p o n s e  
w as  o b s e r v e d  o n ly  in  soil  2, w h i c h  w a s  a  b r o w n  f o r e s t  soil  a s  was t h e  
soi l  s t u d i e d  b y  M c L a r e n .  N o n e  o f  t h e  o t h e r  8 s o i l s ,  i n c l u d i n g  soil  7, 
a  b r o w n  f o r e s t  soi l  f rom t h e  same s e r i e s  -  S o u r h o p e  -  a s  M c L a re n ' s  
so i l ,  fo l lowed t h e  p a t t e r n .  T h e  ' f i e ld '  soil  p H s  of  all t h e  soi l s  s t u d i e d  
w e r e  a l so  l o w e r  b y  1 to  3 pH u n i t s  t h a n  t h o s e  o f  M c L a r e n ' s  s o i l s .  I t  
i s  p o s s i b l e  t h a t  t h e  e x t r a c t a b l e  C u  c o n t e n t  o f  a soil  d o e s  n o t  v a r y  g r e a t l y  
a r o u n d  t h e  s o i l ' s  n a t u r a l  pH a s  a n  e q u i l i b r i u m  e x i s t s  b e t w e e n  Cu h e ld  
on  all t h e  d i f f e r e n t  soil  c o m p o n e n t s ;  t h u s  a s  pH is  a l t e r e d  a d s o r p t i o n  
o r  d e s o r p t i o n  o f  C u  r e a d i l y  o c c u r s  s i n c e  so few s o r p t i o n  s i t e s  a r e  
o c c u p i e d .
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T h e  a p p l i c a t i o n  o f  lime d i d  n o t  h a v e  a c o n s i s t e n t  e f f e c t  on p l a n t  
Cu  c o n c e n t r a t i o n ;  t h e  e f f e c t  v a r i e d  w i th  so i l ,  a m o u n t  o f  lime a p p l i e d ,  
p l a n t  s p e c i e s  a n d  h a r v e s t ,  i . e .  t h e  l e n g t h  o f  t ime s i n c e  lime was a p p l i e d  
to  a  so i l .  F o r  t h e  n i n e  so i l s  s t u d i e d  in  E x p e r i m e n t  1A t h e r e  was g e n e r a l l y  
n o  e f f e c t  of  l im ing  o n  C u  c o n c e n t r a t i o n  o f  t h e  p l a n t s  a f t e r  35 d a y s  
( a l t h o u g h  soi l  5,  a  b r o w n  f o r e s t  soil  c o n t a i n i n g  1 .6  m g  C u  k g - 1 , e x h i b i t e d  
a n  i n c r e a s e ) .  B y  60 d a y s  f o r  m o s t  so i l s  h e r b a g e  C u  c o n t e n t  d e c r e a s e d  
a s  t h e  a m o u n t  o f  l ime t h a t  h a d  b e e n  a p p l i e d  to  t h e  soil  i n c r e a s e d ,  a n d  
b y  90 d a y s  PRG g r o w n  in  a ll  so i l s  e x h i b i t e d  d e c r e a s e d  C u  c o n t e n t  w i th  
l im ing ;  t h e  d e c r e a s e  w as  g r e a t e r  t h a n  t h a t  a t  t h e  s e c o n d  h a r v e s t  ( F i g u r e  
3 . 1 1 ) .
A s im i la r  p a t t e r n  o f  r e s u l t s  w a s  o b s e r v e d  in  t h e  m ore  d e t a i l e d  
s t u d y  o f  E x p e r i m e n t  I B .  A f t e r  35 d a y s  l im ing  o f  t h e  so i l s  h a d  h a d  
n o  e f f e c t  on  p l a n t  C u  c o n c e n t r a t i o n  a n d  b y  60 d a y s  t h e r e  was s l i g h t l y  
m ore  e v i d e n c e  o f  a n  e f f e c t  o f  l i m in g ,  b u t  t h i s  w as  o n l y  r e a l l y  e x h i b i t e d  
a s  a d e c r e a s e  in  t h e  C u  c o n t e n t  o f  PRG g r o w n  in  soi l 4.  B y  90 d a y s  
p l a n t s  g r o w n  in  al l t h r e e  so i l s  s h o w e d  d e c r e a s e d  C u  c o n t e n t  w i th  lime 
a p p l i c a t i o n  a n d  f o r  soi l  4 t h e  m a g n i t u d e  of  t h e  d e c r e a s e  w as  g r e a t e r  
t h a n  a t  60 d a y s  ( F i g u r e  3 . 1 2 ) .  C o r r e l a t i o n  a n a l y s e s  b e t w e e n  soil pH 
a n d  soi l Cu  c o n t e n t  a t  e a c h  h a r v e s t  w e r e  n o n - s i g n i f i c a n t  a t  t h e  f i r s t  
two h a r v e s t s  b u t  h i g h l y  s i g n i f i c a n t l y  n e g a t i v e l y  c o r r e l a t e d  ( p  <0.001)  
a t  t h e  t h i r d  h a r v e s t ,  r e f l e c t i n g  t h e  p a t t e r n  of r e s u l t s  d e s c r i b e d  a b o v e .
T h e r e  w e r e  o n ly  tw o  h a r v e s t s  t a k e n  in E x p e r i m e n t  2, a t  40 a n d  
70 d a y s ;  f o r  PRG t h e  r e s u l t s  w e r e  t h e  same a s  in  E x p e r i m e n t  I B ,  i . e .  
n o  e f f e c t  o f  l im in g  o n  p l a n t s  g r o w n  in  a n y  o f  t h e  t h r e e  soi ls  a t  t h e  
f i r s t  h a r v e s t ,  a n d  a d e c r e a s e  f o r  p l a n t s  g r o w n  in  soi l 4 ,  o n l y ,  a t  t h e  
s e c o n d  h a r v e s t  ( F i g u r e  3 . 2 0 ) .
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A l t h o u g h  soil  t y p e  d e f i n i t e l y  i n f l u e n c e d  t h e  r e s p o n s e  of p l a n t  
Cu  c o n c e n t r a t i o n  to  l im in g ,  i t  d i d  n o t  c o n s i s t e n t l y  h a v e  t h e  e f f e c t s  
r e p o r t e d  b y  B u r r i d g e  et a l . ( 19 8 3 ) ,  i . e .  t h a t  on  C u  d e f i c i e n t  soils  
small  d e c r e a s e s  in  h e r b a g e  C u  o c c u r  w i th  lime a d d i t i o n  w h i l s t  on Cu 
a d e q u a t e  soi ls  t h e r e  i s  n o  e f f e c t ,  o r  a  smal l i n c r e a s e .  Soil 8 may b e  
c l a s s e d  a s  C u  d e f i c i e n t  a c c o r d i n g  t o  S A C / S A R I  ( 1982) ( t h e  t h r e s h o l d  
f o r  C u  d e f i c i e n t  so i l s  i s  s e t  a s  0 .8  m g  C u  k g -1 a i r - d r y  soil  f o r  a m in e r a l  
soi l of  pH 6 .0  -  soi l  8 is  a p e a t y  p o d z o l  w i th  p H  3 . 5 ) ,  b u t  a l t h o u g h  
i t  d i d  g iv e  l o w e r e d  h e r b a g e  C u  c o n c e n t r a t i o n  w i th  lime a p p l i c a t i o n ,  
l a r g e r  d e c r e a s e s  w e r e  f o u n d  in  soi l  4 w h i c h  c o n t a i n s  2 .1  mg  Cu  k g - 1 .
A n  i n d i c a t i o n  o f  t h e  m o d i f y i n g  i n f l u e n c e  t h a t  soi l  h a s  u p o n  t h e  
e f f e c t  o f  l im ing  o n  p l a n t  C u  u p t a k e  c a n  a l so  b e  f o u n d  from t h e  c o r r e l a ­
t ion  b e t w e e n  p l a n t  a n d  soi l C u  c o n t e n t s  in  E x p e r i m e n t  1. In  P a r t  A 
t h e r e  w as  n o  c o r r e l a t i o n  b e t w e e n  p l a n t  a n d  soil  c o n t e n t  b u t  in  P a r t  
B c o r r e l a t i o n s  b o t h  b e t w e e n  in i t i a l  e x t r a c t a b l e  soi l C u  a n d  h e r b a g e  Cu  
a t  t h e  h a r v e s t s  a n d  soi l a n d  h e r b a g e  C u  a t  e a c h  h a r v e s t ,  w e re  h i g h l y  
s i g n i f i c a n t  ( p  < 0 .0 0 1 ) .  T h e  a p p a r e n t  d i f f e r e n c e  b e t w e e n  t h e  two p a r t s  
of  t h e  e x p e r i m e n t  w a s  p r o b a b l y  b r o u g h t  a b o u t  b e c a u s e  t h e r e  w ere  m ore  
soi ls  in  t h e  c o r r e l a t i o n  f o r  P a r t  A a n d  e a c h  soil  m o d i f i e d  t h e  p l a n t  r e s ­
p o n s e  s l i g h t l y  d i f f e r e n t l y ,  w h e r e a s  in  P a r t  B t h e  t h r e e  s o i l s ,  d e s p i t e  
b e i n g  v e r y  d i f f e r e n t  ( s e e  S e c t i o n  1,  t h i s  c h a p t e r )  al l  b r o u g h t  a b o u t  
s imilar  p a t t e r n s  of  d e c r e a s e  in p l a n t  C u  c o n t e n t .  }
T h e  r e s p o n s e  of  VVC to  l im in g  in  E x p e r i m e n t  2A w as  b a s i c a l ly  
t h e  same a s  f o r  PRG b u t  t h e  r e s p o n s e  a p p e a r e d  to  d e v e l o p  more r a p i d l y ,  
p o s s i b l y  b e c a u s e  of  t h e  g r e a t e r  C u  c o n t e n t  of  WC ( S e c t i o n  5, t h i s  c h a p t e r ) .  
F o r  all t h r e e  so i l s  t h e r e  was n o  r e s p o n s e  in t h e  Cu  c o n c e n t r a t i o n  of 
VVC to  l iming on  d a y  40,  b u t  b y  d a y  70 t h e r e  w e r e  d e c r e a s e s  fo r  VVC 
g r o w i n g  on  t h e  more  h i g h l y  l imed t r e a t m e n t s  f o r  soi ls  4 a n d  8 a n d  a
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s l i g h t  i n c r e a s e  in  t h e  C u  c o n t e n t  o n  soi l  2 ( F i g u r e  3 . 2 0 ) .  C lo v e r  was 
a l so  o b s e r v e d  to  r e s p o n d  more  t h a n  g r a s s  to  l im in g  b y  Mitchel l  et al. 
( 1 9 5 7 b ) .
T h e r e  w a s  n o  d i f f e r e n c e  o b s e r v e d  in E x p e r i m e n t  2B in t h e  r e s ­
p o n s e  of  t h e  C u  c o n t e n t  o f  PRG to  l im ing  w h e t h e r  t h e  lime h a d  b e e n  
a p p l i e d  to  all t h e  soi l  in  t h e  p l a n t  p o t  o r  j u s t  to  t h e  to p  25% ( b y  v o lum e)  
of  t h e  soi l ( F i g u r e  3 . 2 1 ) .  I t  t h e r e f o r e  s e e m s  i m p r o b a b l e  t h a t  t h e  e f f e c t  
o f  l im ing  on p l a n t  C u  c o n t e n t s  w as  m e d i a t e d  v ia  r e d u c e d  H + ion c o n c e n t r a ­
t i o n s  per  se  [ r e d u c i n g  a c i d i t y  c a n  b e  a s s o c i a t e d  w i th  d e c r e a s e d  c o m p e t i ­
t i o n  f o r  u p t a k e  a n d  r e d u c e d  r o o t  d a m a g e  ( G r a h a m ,  1 9 8 1 ) ] ;  b u t  r a t h e r  
v i a  i n c r e a s i n g  C u -O M  c o m p l e x a t i o n  in t h e  soil  r e d u c i n g  p l a n t  Cu a v a i l ­
a b i l i t y .
M olybdenum
I t  i s  w id e ly  a c c e p t e d  t h a t  l im in g  an a c id  soi l will i n c r e a s e  Mo 
a v a i l a b i l i t y  d u e  to  Mo r e l e a s e  b o t h  f r om  soil  o x i d e s ,  a s  OH-  a n d  H2POit+ 
a r e  p r e f e r e n t i a l l y  a d s o r b e d ,  a n d  fr om  m i n e r a l i z e d  OM; a n d  t h a t  t h e  
m a g n i t u d e  o f  t h i s  e f f e c t  will b e  m o d i f i e d  b y  soi l ( e . g .  F l e m i n g ,  1980) .
T h e  r e s u l t s  o b t a i n e d  in  E x p e r i m e n t  1 c o n f i r m  t h i s :  t h e  a m o u n t  o f  e x t r a c ­
t a b l e  Mo in  a ll  s o i l s ,  e x c e p t  n u m b e r  4 ,  i n c r e a s e d  w i th  lime a d d i t i o n  
a n d  t h e  e f f e c t  w a s  p a r t i c u l a r l y  l a r g e  f o r  soil  2 ( F i g u r e  3 . 6 ) ,  w h e r e  a  
5 - fo ld  i n c r e a s e  o c c u r r e d  b e t w e e n  pH 3 .5  a n d  7 . 0 .  T h e  d e g r e e  to  w h ic h  
e x t r a c t a b l e  soi l  Mo l e v e l s  i n c r e a s e  w i th  t h e  a p p l i c a t i o n  o f  lime will v a r y  
d e p e n d i n g  o n  t h e  a m o u n t  o f  soi l o x i d e s ,  H C 0 3~ - i o n s ,  O H - - i o n s  a n d  
OM in t h e  s o i l .  When soi l pH a t  h a r v e s t  was c o r r e l a t e d  wi th  soil  e x t r a c ­
t a b l e  Mo c o n t e n t ,  f o r  E x p e r i m e n t  IB t h e  d e g r e e  o f  c o r r e l a t i o n  d e c r e a s e d  
a s  t h e  e x p e r i m e n t  p r o g r e s s e d  from b e i n g  v e r y  h i g h l y  s i g n i f i c a n t  ( p  
<0.001) a t  t h e  f i r s t  h a r v e s t  to  s i g n i f i c a n t  ( p  <0.005)  a t  t h e  s e c o n d  a n d  
n o n - s i g n i f i c a n t  a t  t h e  t h i r d .
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G e n e r a l l y ,  p l a n t  Mo c o n c e n t r a t i o n s  i n c r e a s e d  a s  pH i n c r e a s e d ,  
a s  a lso o b s e r v e d  b y  Mi tche l l  et a l . ( 1957b);  b u t  a s  t h e  p e r i o d  of  t ime 
f o r  w h ich  t h e  l ime h a d  b e e n  a p p l i e d  l e n g t h e n e d  so  t h e  s i ze  o f  r e s p o n s e  
d e c r e a s e d  ( F i g u r e  3 . 1 3 ) ,  p a r t i c u l a r l y  a t  h i g h e r  p H s ,  a l t h o u g h  soi l 
e x t r a c t a b l e  Mo c o n t e n t s  r e m a i n e d  h i g h .  T h e  m a g n i t u d e  of  t h e  e f f e c t  
of  l iming on h e r b a g e  Mo c o n t e n t  v a r i e d  w i th  t h e  soi l  b u t  was g r e a t e s t  
in  t h o s e  in w h ic h  e x t r a c t a b l e  Mo l e v e l s  h a d  b e e n  t h e  m o s t  a f f e c t e d ,  
n o t a b l y  soil  2,  a n d  h e n c e  in  w h i c h  more  m o l y b d a t e  w a s  a v a i l a b le  fo r  
p l a n t  u p t a k e .
T h i s  w as  wel l i l l u s t r a t e d  in  E x p e r i m e n t  IB ( F i g u r e  3 . 1 4 ) :  w h e r e a s
t h e  Mo c o n t e n t  o f  PRG g r o w i n g  in  soi l  2 w as  g r e a t l y  a f f e c t e d  b y  l im ing  
a t  all t h r e e  h a r v e s t s ,  t h e  e f f e c t  w a s  o n l y  p r e s e n t  a t  t h e  f i r s t  h a r v e s t  
f o r  soil  4 ( t h e  e x t r a c t a b l e  Mo c o n t e n t  o f  soi l  4 w a s  u n a f f e c t e d  b y  l im ing)  
a n d  a t  t h e  f i r s t  tw o  f o r  soil  8 .  T h e  same p a t t e r n  w as  a l s o  o b s e r v e d  
in  E x p e r i m e n t  2A ( F i g u r e  3 . 2 2 ) .  D e s p i t e  t h e  d i f f e r e n c e  in  r e s p o n s e  
o f  t h e  soi ls  a t  e a c h  h a r v e s t  t h e r e  w a s  a  s i g n i f i c a n t  c o r r e l a t i o n  ( p  <0.05)  
b e t w e e n  soi l pH a n d  h e r b a g e  Mo c o n t e n t  a t  e a c h  h a r v e s t .
C o r r e l a t i o n  a n a l y s e s  w e r e  c a r r i e d  o u t  b e t w e e n  in i t i a l  e x t r a c t a b l e  
soil  Mo c o n t e n t  a n d  h e r b a g e  Mo c o n t e n t  a t  e a c h  h a r v e s t .  W h e re a s  t h e  
c o r r e l a t i o n  w a s  h i g h l y  s i g n i f i c a n t  ( p  <0 .01)  f o r  all  h a r v e s t s  in  E x p e r i m e n t  
I B , in  E x p e r i m e n t  1A w h e r e  m ore  soi ls  w e r e  s t u d i e d  o n l y  t h e  c o r r e l a t i o n  
f o r  t h e  f i r s t  h a r v e s t  w a s  s i g n i f i c a n t .  C o r r e l a t i o n  a n a l y s i s  was  a l so  
p e r f o r m e d  to  s ee  i f  t h e r e  w a s  a n y  r e l a t i o n s h i p  b e t w e e n  h e r b a g e  Mo 
c o n t e n t  a n d  t h e  soil  Mo c o n t e n t  a t  t h e  h a r v e s t s  in  E x p e r i m e n t  IB . T h e r e  
was a v e r y  h i g h l y  s i g n i f i c a n t  c o r r e l a t i o n  ( p  <0.001)  o n  d a y  35 b u t  no  
c o r r e l a t i o n  on d a y s  60 o r  90.
In E x p e r i m e n t  2A b o t h  WC a n d  PRG w e r e  g r o w n  a n d  a l t h o u g h  
b o t h  s p e c i e s  c o n t a i n e d  s im i la r  m ean  a m o u n t s  o f  Mo a f t e r  40 d a y s ,  WC ,
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u n l i k e  P R G ,  r e s p o n d e d  to  l ime a p p l i c a t i o n  a t  t h e  t o p  l e v e l  in  soi ls  4
/M 17
a n d  8 , in  a d d i t i o n  to  t h e  r e s p o n s e  in  soi l  2 ( F i g u r e  3 Í 2 2 a ) .  T h e  l a t t e r  
r e s p o n s e  was m u c h  g r e a t e r  t h a n  t h a t  f o r  PRG . B y  d a y  70 b o t h  s p e c i e s  
r e a c t e d  s im i la r ly  t o  l i m in g ,  a  r e s p o n s e  o n ly  o c c u r r i n g  in  soil  2 ( F i g u r e  
3 . 2 2 b ) .  Mi tche l l  et al. ( 1 9 5 7 b )  a l s o  o b s e r v e d  a  g r e a t e r  r e s p o n s e  o f  
p l a n t  Mo c o n t e n t  to  l im ing  in  c l o v e r  t h a n  g r a s s .  T h e  g r e a t e r  r e s p o n s e  
of  t h e  Mo c o n t e n t  o f  WC to  l im in g  t h a n  t h a t  o f  PRG w a s  p r o b a b l y  p a r t l y  
d u e  to  i n c r e a s e d  n i t r o g e n  f i x a t i o n  s t i m u l a t e d  b y  t h e  e l e v a t e d  l e v e l s  
of  soi l Mo b u t  c o u l d  a l s o  h a v e  b e e n  d u e  to  t h e  d i f f e r e n t  c a t i o n / a n i o n  
b a l a n c e  o f  t h e  tw o  s p e c i e s .
A l t h o u g h  t h e  m e t h o d  o f  l ime a p p l i c a t i o n  h a d  n o  e f f e c t  on t h e  
Mo c o n c e n t r a t i o n  o f  PRG a t  t h e  f i r s t  h a r v e s t  in  E x p e r i m e n t  2B ( F i g u r e  
3 .2 3 a )  i t  d id  a t  t h e  s e c o n d  ( F i g u r e  3 . 2 3 b ) .  F o r  so i l s  4 a n d  8  t h e  p l a n t s  
g r o w n  in  p o t s  w i th  s u r f a c e  a p p l i e d  lime c o n t a i n e d  l e s s  Mo t h a n  t h e  
p l a n t s  in  p o t s  w i th  lime a p p l i e d  t h r o u g h o u t  t h e  so i l .  T h e  pH of  t h e  
s u r f a c e  soi l ( w h e r e  t h e r e  w o u ld  h a v e  b e e n  m a n y  p l a n t  r o o t s )  would  
h a v e  b e e n  g r e a t e r  in  t h e  f o r m e r  p o t s ,  a n d  S t o u t  et al. (1951)  h a v e  o b ­
s e r v e d  a  d e c r e a s e d  a b i l i t y  o f  p l a n t s  to  a b s o r b  MoOi*2-  a s  pH i n c r e a s e s .  
S in ce  b y  a n a l o g y  w i th  E x p e r i m e n t  1 i t  i s  b e l i e v e d  t h a t  t h e  e x t r a c t a b l e  
soi l  Mo c o n t e n t s  of  t h e s e  soi ls  (4  a n d  8 ) d id  n o t  a l t e r  w i th  l im ing ,  p l a n t  
Mo c o n t e n t  c o n s e q u e n t l y  d e c r e a s e d .  F o r  soil  2 a t  t h e  lo w er  p H s ,  i . e .  
a t  lime l e v e l s  1 a n d  2, PRG g r o w n  in p o t s  w i th  s u r f a c e  a p p l i e d  lime 
c o n t a i n e d  more  Mo t h a n  PRG in  p o t s  w i th  lime a p p l i e d  t h r o u g h o u t  t h e  
so i l .  T h i s  o b s e r v a t i o n  i s  c o n s i s t e n t  w i th  t h e  r e s p o n s e  o f  e x t r a c t a b l e  
soi l Mo s h o w n  b y  t h i s  soil  to  l im in g ;  b u t  a t  lime l e v e l  3 t h e  s i t u a t i o n  
was a s  fo r  soi l s  4 a n d  8 , w i th  p l a n t s  g r o w n  in p o t s  w i th  s u r f a c e  a p p l i e d  
lime c o n t a i n i n g  l e s s  Mo t h a n  p l a n t s  g r o w n  in p o t s  to  w h ic h  lime h a d  
b e e n  a p p l i e d  t h r o u g h o u t  t h e  so i l .  T h i s  r e s u l t  c o u ld  h a v e  b e e n  r e l a t e d
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to  t h e  p o o r e r  g r o w t h  in  t h e  f o r m e r  p o t s  t o g e t h e r  w i th  t h e  d e c r e a s e d  
a b s o r p t i v e  c a p a c i t y  of  t h e  p l a n t s  f o r  Mo a s  pH i n c r e a s e d .
» S u lp h u r
T h e  r i s e  in  soi l pH fr om  c.  5 . 0  to  7 .5  g r e a t l y  i n c r e a s e d  t h e  a m o u n t  
of  e x t r a c t a b l e  soil  s u l p h a t e  in  al l s o i l s ,  e x c e p t  soi l 3 ( w h i c h  h a d  a l r e a d y  
b e e n  l imed)  a n d  soi l  7. T h e  m a g n i t u d e  o f  t h e  e f f e c t  w a s  g r e a t e r  a t  
a b o u t  100 d a y s  a f t e r  l im ing  t h a n  a b o u t  10 d a y s  a f t e r  ( F i g u r e  3 . 7 d , a ) .
A r i s e  in pH fr om  c.  3 .5  to  5 .0  d i d  n o t  a f f e c t  t h e  e x t r a c t a b l e  soil S O i ^ - S  
c o n t e n t .  T h e  m o re  d e t a i l e d  s t u d y  in  E x p e r i m e n t  IB ( C h a p t e r  I I ,  S e c t io n  
2 .1 )  of  s o i l s ,  2, 4 a n d  8  c o n f i r m e d  t h a t  soi l  S 0 42~-S  c o n t e n t  i n c r e a s e d  
j wi th  l im in g ,  t h a t  t h e  i n c r e a s e  w a s  g r e a t e r  n e a r e r  p H  7 . 0 ,  a n d  t h a t
t h e  m a g n i t u d e  o f  t h e  i n c r e a s e  w a s  g r e a t e r  t h e  l o n g e r  a  soi l h a d  b e e n
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l imed .  T h e r e  w e r e  s i g n i f i c a n t  c o r r e l a t i o n s  b e t w e e n  soil  S 0 ^ 2--S  c o n t e n t s  
a n d  soil  pH a t  t h e  t ime o f  al l t h r e e  p l a n t  h a r v e s t s  in  E x p e r i m e n t  IB , 
p  <0 . 0 0 1  f o r  t h e  f i r s t  a n d  t h i r d  h a r v e s t s ,  a n d  p <0 . 0 1  f o r  t h e  s e c o n d .
I n c r e a s e s  in  t h e  e x t r a c t a b l e  soi l  SOlt2_- S  c o n t e n t s  o f  soi ls a f t e r  
lime a p p l i c a t i o n  a r e  n o r m a l l y  o b s e r v e d  ( e . g .  K a m p r a t h  et al. , 1956) 
a n d  a r i s e  f o r  s e v e r a l  r e a s o n s :  r a i s e d  p H  e n c o u r a g e s  c o m p e t i t io n  f o r
s i t e s  of  a d s o r p t i o n  on  Fe  a n d  Al  o x i d e  b e t w e e n  OH" a n d  SO^2- ( H i n g s t o n  
et al. , 1972) ,  i n c r e a s e s  c o m p e t i t i o n  f o r  a d s o r p t i o n  b e t w e e n  S ( \ 2-  a n d  
MoOij2- a n d  H 2POI|2_ ( w h o s e  s o l u b i l i t i e s  a r e  i n c r e a s e d  a s  pH r i s e s )
(M etson  a n d  B l a k e m o r e ,  19 7 8 ) ,  i n c r e a s e s  m in e r a l i z a t i o n  r a t e s  (Wil liams,  
1967b) a n d  i n c r e a s e s  t h e  s o l u b i l i t y  o f  s p a r i n g l y  s o l u b l e  h y d r o x y s u l p h a t e s  
(Wolt ,  1981) .
Liming  g e n e r a l l y  i n c r e a s e d  t h e  S c o n c e n t r a t i o n  o f  p l a n t s  g r o w i n g  
in t h e  soil  ( s e e  p a g e s  101 a n d  120) .  T h e r e  was n o  m a r k e d  d i f f e r e n c e
I
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in  r e s p o n s e  w h e t h e r  WC o r  PRG w e r e  b e i n g  c o n s i d e r e d  ( F i g u r e  3 . 2 4 ) .  
L iming  a soi l i s  n o r m a l l y  o b s e r v e d  to  i n c r e a s e  p l a n t  S c o n t e n t  ( e . g .
E l k i n s  a n d  E n s m i n g e r ,  1971) a s  e x t r a c t a b l e  soi l SOi*2~-S  c o n c e n t r a t i o n s  
a n d  h e n c e  S 0 42_- S  a v a i l a b i l i t y  a r e  i n c r e a s e d  f o r  t h e  r e a s o n s  d i s c u s s e d  
a b o v e .
T h e  m a g n i t u d e  of  t h e  e f f e c t  t h a t  l im ing  h a d  on p l a n t  S c o n t e n t  
d e c r e a s e d  d u r i n g  t h e  c o u r s e  o f  b o t h  E x p e r i m e n t s  1 a n d  2. Y e t ,  w h e r e a s  
soi l  pH a n d  h e r b a g e  S f o r  E x p e r i m e n t  IB w e r e  n o t  c o r r e l a t e d  a t  e i t h e r  
t h e  f i r s t  o r  s e c o n d  h a r v e s t s ,  t h e r e  w a s  a  h i g h l y  s i g n i f i c a n t  c o r r e l a t i o n  
a t  t h e  t h i r d  ( p  < 0 .0 1 ) .  H u e  et al. (1984)  s t u d i e d  a  S - d e f i c i e n t  Ul t i sol  
w h ic h  h a d  b e e n  l imed  in  a g l a s s h o u s e  e x p e r i m e n t  to  i n c r e a s e  SCR2 
a v a i l a b i l i t y ,  a n d  o b s e r v e d  t h a t  t h e  in i t i a l  i n c r e a s e  in  soi l  S a v a i l a b i l i t y  
b r o u g h t  a b o u t  b y  l iming  ( w h i c h  w a s  r e f l e c t e d  in  i n c r e a s e d  y i e l d s  of 
w h e a t  g r o w i n g  in  t h e  s o i l ) ,  d i d  n o t  c o n t i n u e  b e y o n d  a b o u t  35 d a y s .
T h i s  e f f e c t  w a s  a t t r i b u t e d  to  t h e  l a r g e  in i t i a l  p l a n t  S u p t a k e ,  l e a d i n g  
to  d e p l e t e d  soi l  a v a i l a b l e  S l e v e l s .  A l t h o u g h  t h i s  is  a l s o  a  p o s s i b l e  
e x p l a n a t i o n  f o r  t h e  o b s e r v a t i o n s  in  E x p e r i m e n t s  1 a n d  2, n o n e  of  t h e  
so i l s  s t u d i e d  w e r e  S d e f i c i e n t  a n d  in  E x p e r i m e n t  1 i t  w a s  n o t e d  t h a t  
soil  S 0 42- - S  l e v e l s  c o n t i n u e d  to  b e  h i g h e r  a t  h i g h  p H s  t h a n  a t  low p H s ,  
t h r o u g h o u t  t h e  e x p e r i m e n t  a n d  t h a t  t h e  m a g n i t u d e  o f  t h i s  e f f e c t  i n c r e a s e d  
w i th  t im e .
In  E x p e r i m e n t  1A h e r b a g e  S% a n d  soil  SO i+^-S  c o n t e n t  a t  t h e  
t h i r d  h a r v e s t  w e r e  f o u n d  to  b e  v e r y  h i g h l y  s i g n i f i c a n t l y  c o r r e l a t e d  ( p  
< 0 .0 0 1 ) ,  a s  w a s  t h e  c a s e  a t  t h e  s e c o n d  a n d  t h i r d  h a r v e s t s  in E x p e r i m e n t  
I B , b u t  t h e r e  w a s  n o  s i g n i f i c a n t  c o r r e l a t i o n  f o r  t h e  f i r s t  h a r v e s t  in  
E x p e r i m e n t  I B .  A r e a s o n  w h y  t h e  e f f e c t  of  l iming  on p l a n t  S% l e s s e n e d  
d u r i n g  t h e  e x p e r i m e n t s  c o u l d  b e  u n r e l a t e d  to  t h e  lime a d d i t i o n  a n d  
r a t h e r  r e f l e c t  t h a t  p l a n t  N l e v e l s  w e r e  d e c r e a s i n g ,  a l t h o u g h  N f e r t i l i z e r
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h a d  b e e n  a p p l i e d ,  a n d  so a s  l e s s  p r o t e i n  was  b e i n g  f o r m e d  l e s s  S w as  
n e e d e d :  t h e r e  d o e s  a p p e a r  to  b e  e v i d e n c e  o f  d e c r e a s i n g  p l a n t  N l e v e l s
d u r i n g  t h e  e x p e r i m e n t s  ( d a t a  n o t  p r e s e n t e d ) .
T h e  m e t h o d  o f  l ime a p p l i c a t i o n  h a d  n o  e f f e c t  on  t h e  S c o n t e n t  
of  PRG a t  t h e  f i r s t  h a r v e s t  in  E x p e r i m e n t  2B ( F i g u r e  3 .2 5 a )  b u t  h a d  
a v e r y  h i g h l y  s i g n i f i c a n t  e f f e c t  a t  t h e  s e c o n d  ( F i g u r e  3 . 2 5 b ) ,  a s  h a d  
o c c u r r e d  f o r  Mo. H o w e v e r ,  w h e n  t h e  r e s u l t s  o f  t h e  s e c o n d  h a r v e s t  
w e r e  s t u d i e d  in  m o re  d e t a i l  w i t h  r e g a r d  to  pH t h e  e f f e c t  of  m e th o d  
of  a p p l i c a t i o n  d i d  n o t  se em to  b e  r e a l  ( s e e  p a g e  1 2 2 -, f o r  f u r t h e r  d e t a i l s ) .  
T h a t  is  f o r  a g i v e n  i n c r e a s e  in  p H  r e g a r d l e s s  o f  how i t  was a c h i e v e d ,  
t h e  same s i ze  a n d  p a t t e r n  o f  i n c r e a s e s  o c c u r r e d  in  h e r b a g e  S;  e x t r a c ­
t a b l e  soil  S 0 42 - - S  l e v e l s  w e r e  n o t  i n v e s t i g a t e d  in  E x p e r i m e n t  2B b u t  
i t  would  b e  i n t e r e s t i n g  to  a s c e r t a i n  w h e t h e r  m e t h o d  o f  lime a p p l i c a t i o n  
a f f e c t s  soil  SOit2_- S  c o n t e n t s .
4. F E R T IL IZ A T IO N
T h r e e  o f  t h e  e x p e r i m e n t s  ( 3 ,  4 a n d  5) u n d e r t a k e n  fo r  t h i s  t h e s i s  
i n v e s t i g a t e d  t h e  e f f e c t s  o f  t h e  a d d i t i o n  o f  f e r t i l i z e r  ( N ,  P o r  C u )  on  
t h e  s o i l - p l a n t  r e l a t i o n s h i p s  o f  C u ,  Mo a n d  S;  t h e  l i t e r a t u r e  r e l a t i n g  
t o  f e r t i l i z a t i o n  i s  r e v i e w e d  in  C h a p t e r  I ,  S e c t io n  3. I d .
4 . 1  Lime x  p h o s p h o r u s  a p p l i c a t i o n
T h e  e f f e c t  t h a t  v a r y i n g  r a t e s  of  lime a n d  P a d d i t i o n s  h a d  on 
t h e  s o i l - p l a n t  r e l a t i o n s h i p s  of  C u ,  Mo a n d  S w as  s t u d i e d  in E x p e r i m e n t  
4 ( s e e  C h a p t e r  I I I ,  S e c t io n  2 . 4 ) .  Two lime a d d i t i o n s  w e re  made to 
r a i s e  t h e  soil  pH to  c .  5 .0  a n d  6 . 5  s o ,  a s  e x p l a i n e d  on p a g e  136, t h e  
e f f e c t  of  P a p p l i c a t i o n  a n d  l im in g  p e r  se  was n o t  i n v e s t i g a t e d  r a t h e r
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t h e  m o d i f y i n g  e f f e c t  o f  pH on  P a p p l i c a t i o n .  In  c o n t r a s t  to  t h e  o t h e r  
d i s c u s s i o n  s e c t i o n s  t h e  r e s u l t s  f o r  a n  e l e m e n t  o t h e r  t h a n  C u ,  Mo a n d  
S -  P -  will b e  d i s c u s s e d  b r i e f l y ,  m a in ly  c o n s i d e r i n g  t h o s e  p o i n t s  t h a t  
c a n  b e  r e l a t e d  to  t h e  t h r e e  e l e m e n t s  o f  p r i m a r y  i n t e r e s t .
P h o sp h o ru s
T h e r e  w as  n o  s i g n i f i c a n t  e f f e c t  o f  l im ing  o n  t h e  M o r g a n ' s  e x t r a c ­
t a b l e  P O li3_- P  c o n t e n t  of  e i t h e r  soi l  n o r  w as  t h e r e  a  s i g n i f i c a n t  i n t e r a c t i o n  
b e t w e e n  lime a n d  p h o s p h o r u s  ( F i g u r e  3 . 3 7 ) .  H a y n e s  ( 1982) h a s  r e v i e w e d  
t h e  e f f e c t  t h a t  l im ing  h a s  u p o n  t h e  p h o s p h a t e  a v a i l a b i l i t y  of  a c id  soi ls 
a n d  r e c o r d s  t h e  e x i s t e n c e  o f  c o n f l i c t i n g  e v i d e n c e  a s  t o  w h e t h e r  l iming 
i n c r e a s e s ,  d e c r e a s e s  o r  d o e s  n o t  a f f e c t  soi l e x t r a c t a b l e  p h o s p h a t e .
In  a l a t e r  p a p e r  ( 1983) ,  H a y n e s  p r o p o s e s  t h a t  l im ing  will i n c r e a s e  P 
a d s o r p t i o n  b e c a u s e  of  t h e  f o r m a t i o n  o f  "new  h i g h l y - a c t i v e  a d s o r b i n g  
s u r f a c e s  in  t h e  so i l "  v i a  t h e  p r e c i p i t a t i o n  o f  a m o r p h o u s  p o ly m e r  h y d r o x y -  
A1 from e x c h a n g e a b l e  A l .  T h e s e  n e w  a d s o r b i n g  s u r f a c e s  may al so a f f e c t  
t h e  b e h a v i o u r  o f  S 0 42~~ a n d  MoCfl2" b u t  to  a l e s s e r  e x t e n t  b e c a u s e  t h e  
o r d e r  of s p e c i f i c  a d s o r p t i o n  w i th  r e g a r d  to  pH is  PCU3- > MoOi*2- > SOi*2-  
( P a r f i t t ,  1978) .  H a y n e s  w a s  s t u d y i n g  a  S p o d o s o l  ( a p p r o x i m a t i n g  to  
U . K .  p o d z o l s  a n d  some p e a t y  p o d z o l s )  a n d  o b v i o u s l y  soi l  t y p e  will s i g n i f ­
i c a n t l y  a l t e r  h o w  l iming  a f f e c t s  t h e  a d s o r p t i o n  of  PO^3- ( a n d  o t h e r  a n i o n s ) .
It i s  p o s s i b l e  t h a t ,  p a r t i c u l a r l y  in  soil  2 w h ic h  c o n t a i n e d  1050 
mg Al k g - 1  o v e n - d r y  soil  t h e r e  m i g h t  h a v e  b e e n  a n  e f f e c t  o f  l iming on 
t h e  soil  a v a i l a b l e  p h o s p h a t e  c o n t e n t  h a d  t h e  u n l im e d  soi l  (pH c.  3 . 5 )  
b e e n  c o m p a r e d  w i th  t h e  l imed so i l ;  b u t  n o  s u c h  c o m p a r i s o n  was made  
a n d  a t  t h e  p H s  s t u d i e d  t h e  Al h a d  p r o b a b l y  p r e c i p a t e d  o u t .
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T h e  a p p l i c a t i o n  o f  lime a f f e c t e d  p l a n t  P c o n c e n t r a t i o n  b u t  t h e r e  was 
n o  c o n s i s t e n t  p a t t e r n ,  t h e  a p p l i c a t i o n  of  P i n c r e a s e d  h e r b a g e  P c o n t e n t ;  
h o w e v e r  t h e r e  w a s  n o  i n t e r a c t i o n  b e t w e e n  l im ing  a n d  P - a d d i t i o n  ( F i g u r e  
3 . 4 3 ) .  Soil pH w a s  n o t  c o r r e l a t e d  w i th  p l a n t  P c o n c e n t r a t i o n  a t  a n y  
t im e .  H a y n e s  (1982)  r e c o r d s  t h a t  r e p o r t s  e x i s t  o f  u n a l t e r e d ,  i n c r e a s e d  
a n d  d e c r e a s e d  p l a n t  P c o n t e n t s  a f t e r  l im ing  a n d  P - a d d i t i o n s :  a s  fo r
soi l  P c o n t e n t ,  a n  e f f e c t  m i g h t  h a v e  b e e n  n o t e d  h a d  a n  u n l im e d  a n d  
l imed soil  b e e n  c o m p a r e d .
C o r r e l a t i o n  a n a l y s e s  w e r e  p e r f o r m e d  b e t w e e n  p l a n t  a n d  soil P 
c o n t e n t s  a n d  s i g n i f i c a n t  c o r r e l a t i o n s  w e r e  f o u n d :  p  <0 .05  a t  t h e  s e c o n d  
h a r v e s t ,  p  <0 . 0 0 1  f o r  i n i t i a l  soi l c o n c e n t r a t i o n  a n d  h e r b a g e  c o n c e n t r a t i o n  
a t  t h e  f i r s t  h a r v e s t  f o r  WC a n d  PRG , a n d  a t  t h e  s e c o n d  h a r v e s t  fo r  
WC; a n d  p <0.01  f o r  t h e  i n i t i a l  soi l  c o n c e n t r a t i o n  a n d  PRG c o n c e n t r a t i o n  
a t  t h e  s e c o n d  h a r v e s t .
C oppe r
T h e  e x t r a c t a b l e  soi l C u  c o n t e n t  o f  soi l  2 w a s  s l i g h t l y  i n c r e a s e d  
b y  l iming w h i l s t  t h a t  o f  soi l  8  w a s  u n a f f e c t e d  ( s e e  p a g e  2 1 1 fo r  d i s c u s s i o n  
o f  t h i s ) . T h e r e  w a s  n o  i n t e r a c t i o n  b e t w e e n  lime a n d  P - a d d i t i o n  in e i t h e r  
so i l ,  b u t  P - a d d i t i o n  ( a l o n e )  d i d  s l i g h t l y  i n c r e a s e  t h e  Cu  c o n t e n t  
o f  soi l 8 , b u t  n o t  t h a t  o f  soi l  2 ( F i g u r e  3 . 3 3 ) .
T h e  l a c k  o f  e f f e c t  o f  P on e x t r a c t a b l e  soi l C u  in  soil  2 i s  c o n s i s t e n t  
w i th  t h e  o b s e r v a t i o n s  o f  E l - K h e r b a w y  a n d  S a n d e r s  (1984)  who co u ld  
f i n d  no  e f f e c t  o f  soi l P - s t a t u s  on e i t h e r  e x t r a c t a b l e  soi l  Cu  c o n c e n t r a t i o n  
o r  t h e  c o n c e n t r a t i o n  of  C u 2+ in  soi l  s o l t u i o n .  I t  i s  p o s s i b l e  t h a t  com plex  
Cu  p h o s p h a t e s  ( e . g .  C u 5 (H 2 P 0 lt ) 2 ( O H )8 o r  C u 3 ( P ( \ ) 2 ) w e r e  fo rm ed  
in  soi l 8  l e a d i n g  to  d e c r e a s e d  e x t r a c t a b l e  soi l Cu  a s  s u g g e s t e d  b y  J u r i n a k  
a n d  I n o u y e  ( 1962) a n d  p r o p o s e d  b y  D o la r  a n d  K e e n e y  (1971)  to  a c c o u n t  
f o r  t h e  d e c r e a s e s  t h e y  o b s e r v e d  in  e x t r a c t a b l e  soil  C u  fo l lowing  P - a d d i t i o n .
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B y  t h e  s e c o n d  h a r v e s t  t h e  r e s p o n s e  o f  p l a n t  C u  c o n c e n t r a t i o n  
to  l im ing w a s  t h a t  d i s c u s s e d  on  p a g e  213,  i . e .  d e c r e a s e d  Cu c o n t e n t s  
f o r  WC a n d  PRG g r o w i n g  in b o t h  so i l s  ( T a b l e  A 3 . 3 5 ) .  T h e r e  was b a s i c a l l y  
n o  i n t e r a c t i o n  b e t w e e n  lime a n d  P - a d d i t i o n  ( o n l y  in  soi l  2 a t  t h e  s e c o n d  
h a r v e s t  was  t h e  i n t e r a c t i o n  s i g n i f i c a n t ,  a t  p  < 0 . 0 5 ) .  T h e  e f f e c t  of  
P a d d i t i o n  w a s  i n c o n s i s t e n t  a n d  v a r i a b l e  ( s o i l s  2 a n d  8  a t  t h e  f i r s t  h a r v e s t  
p  <0 .0 5 ,  soi l  2 a t  t h e  s e c o n d  h a r v e s t  p  <0 .001 ,  a n d  soil  8  a t  t h e  s e c o n d  
h a r v e s t  n o n - s i g n i f i c a n t )  -  t h e  m o s t  common e f f e c t  w a s  s l i g h t l y  d e c r e a s e d  
o r  u n a l t e r e d  h e r b a g e  C u  c o n t e n t  a s  t h e  a m o u n t  o f  P a p p l i e d  r o s e  ( F i g u r e  
3 . 3 9 ) .
F rom  s t u d y i n g  t h e  l i t e r a t u r e  ( s e e  p a g e  32) i t  w a s  e x p e c t e d  t h a t  
e v e n  a l t h o u g h  P - a d d i t i o n  b a s i c a l l y  h a d  n o  e f f e c t  o n  e x t r a c t a b l e  soil  C u  
c o n t e n t s  t h e r e  w o u ld  h a v e  b e e n  a  d e c r e a s e  o f  p l a n t  C u  c o n t e n t  a s  
o b s e r v e d  b y ,  f o r  e x a m p l e ,  R e d d y  et al. ( 1 9 8 1 a ) .  I t  i s  t h o u g h t  t h a t  
d e c r e a s e s  in  h e r b a g e  C u  c o n t e n t s  w i t h  P - a d d i t i o n  ( a l t h o u g h  soil  c o n t e n t  
r e m a i n s  u n a l t e r e d )  a r i s e  b o t h  b e c a u s e  o f  a  d i l u t i o n  e f f e c t  a n d  al so b e c a u s e  
of  P - i n d u c e d  c h a n g e s  " in  t h e  p l a n t  a n d  i t s  a s s o c i a t e d  m i c r o o r g a n i s m s  
o r  in  t h e  r h i z o s p h e r e "  ( E l - K h e r b a w y  a n d  S a n d e r s ,  1984) .  D e s p i t e  
p l a n t  C u  c o n t e n t s  n o t  b e i n g  c o n s i s t e n t l y  d e c r e a s e d  b y  P - f e r t i l i z a t i o n  
t h e  soil  e x t r a c t a b l e  P c o n t e n t  w a s  s i g n i f i c a n t l y  n e g a t i v e l y  c o r r e l a t e d  to  
h e r b a g e  Cu  c o n c e n t r a t i o n  ( p  <0.01)  f o r  soi l  a n d  h e r b a g e  a t  t h e  s e c o n d  
h a r v e s t ,  a n d  f o r  i n i t i a l  soil  P c o n t e n t  a n d  h e r b a g e  a t  t h i s  h a r v e s t ;  
a n d  p <0.001 f o r  i n i t i a l  soil  P c o n t e n t  a n d  h e r b a g e  c o n t e n t s  a t  t h e  f i r s t  
h a r v e s t .
Molybdenum
T h e  a d d i t i o n  of  lime i n c r e a s e d  t h e  e x t r a c t a b l e  Mo c o n t e n t  of  soil 
2 b u t  d i d  n o t  a f f e c t  t h a t  o f  soi l  8  ( s e e  p a g e  215 f o r  d i s c u s s i o n )  ( F i g u r e
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3 . 3 4 ) .  T h e r e  w a s  n e i t h e r  a  s i g n i f i c a n t  i n t e r a c t i o n  b e t w e e n  lime a n d  
P - a d d i t i o n  n o r  a n  e f f e c t  o f  P - a d d i t i o n ;  P - a d d i t i o n  p o s s i b l y  i n c r e a s e d  
soil  Mo c o n t e n t s  a t  t h e  o u t s e t  o f  t h e  e x p e r i m e n t  b u t  b y  t h e  e n d  of  t h e  
e x p e r i m e n t  t h i s  e f f e c t  w as  l o s t  ( T a b l e  A 3 .  3 0 ) .
I t  w o u ld  b e  e x p e c t e d  t h a t  P 0 43- a d d i t i o n  w o u ld  i n c r e a s e  t h e  
MoO,*2- e x t r a c t a b l e  f rom a soi l b e c a u s e  o f  a n i o n  e x c h a n g e  on soil  s u r ­
f a c e s  p a r t i c u l a r l y  o x id e  s u r f a c e s  ( P a r f i t t ,  1978) ,  b u t  t h e r e  was  no  
e v i d e n c e  f o r  t h i s  in  t h e  tw o  so i l s  s t u d i e d .
T h e  r e s p o n s e  o f  p l a n t  Mo c o n c e n t r a t i o n s  to  lime a n d  P - a d d i t i o n s  
w as  t h e  sam e a s  f o r  soi l Mo, i . e .  l im in g  e l i c i t e d  a  r e s p o n s e  [ i n c r e a s e d  
Mo c o n t e n t s  in  WC g r o w n  on b o t h  so i l s  a n d  in  PRG g r o w n  in soil 8  ( s e e  
p a g e  216 f o r  d i s c u s s i o n  of  t h i s  e f f e c t ) ! ,  w h e r e a s  P - a d d i t i o n  d i d  n o t .
T h e r e  w as  n o  s i g n i f i c a n t  i n t e r a c t i o n  b e t w e e n  lime x  p h o s p h o r u s  a d d i t i o n s  
a t  t h e  f i r s t  h a r v e s t  a l t h o u g h  b y  t h e  s e c o n d  h a r v e s t  t h e r e  was a h i g h l y  
s i g n i f i c a n t  i n t e r a c t i o n  ( p  <0 .01)  ( F i g u r e  3 .40  a n d  T a b l e  A3 .  36) .
A g a i n  t h e  l a c k  of  e f f e c t  o f  P f e r t i l i z a t i o n  is  in  c o n t r a s t  to  w h a t  
i s  g e n e r a l l y  f o u n d  in  t h e  l i t e r a t u r e ,  i . e .  e n h a n c e d  p l a n t  Mo u p t a k e  
( e . g .  B a r s h a d ,  1951; M u r p h y  et al. , 1981) ,  w h ic h  is  a c c o u n t e d  fo r  
b o t h  b e c a u s e  of  d e c r e a s e d  a d s o r p t i o n  o f  Mo ( P a r f i t t ,  1978) ,  a n d  e n h a n c e d  
Mo u p t a k e  v i a  a c o m p le x  p h o s p h o m o l y b d a t e  ion r a t h e r  t h a n  t h e  s imple 
m o l y b d a t e  ion ( B a r s h a d ,  1951) .  C o m p e t i t i o n  f o r  u p t a k e ,  h o w e v e r ,  may 
o c c u r  b e t w e e n  t h e  u n c o m p l e x e d  p h o s p h a t e  a n d  m o l y b d a t e  io n s  a n d  
t h i s  may a f f e c t  p l a n t  Mo c o n t e n t .
R e d d y  et al. (1981a)  o b s e r v e d  t h a t  t h e  Mo c o n t e n t  o f  c l o v e r  g r o w ­
i n g  in  a  c a l c a r e o u s  s a n d  was  n o t  " g r e a t l y  a f f e c t e d "  b y  P - a d d i t i o n  a l t h o u g h  
in  o t h e r  soi ls  p l a n t  Mo c o n t e n t  i n c r e a s e d ,  so  soi l t y p e  is  o b v io u s ly  
i m p o r t a n t  in  d e t e r m i n i n g  t h e  r e s p o n s e  to  P - a d d i t i o n .
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I t  i s  p o s s i b l e  t h a t  e i t h e r  t h e  a m o u n t s  of  P a p p l i e d  w e r e  n o t  s u f ­
f i c i e n t ,  o r  t h e  a m o u n t  o f  soil  Mo p r e s e n t  g r e a t  e n o u g h  to  e l ic i t  a n y  
r e s p o n s e  to  P - a d d i t i o n .  R e d d y  et al. (1981a)  o b s e r v e d  t h a t  P a p p l i c a ­
t i o n  h a d  a  g r e a t e r  e n h a n c i n g  i n f l u e n c e  on  Mo u p t a k e  b y  s u b t e r r a n e a n  
c l o v e r  w h e n  Mo f e r t i l i z e r  was a l s o  a p p l i e d ,  b u t  a l t h o u g h  t h e  maximum 
P - a d d i t i o n  w a s  e q u i v a l e n t  to  o n l y  6 7 .5  k g  P h a - 1  t h e y  s t i l l  o b t a i n e d  
a r e s p o n s e  w i t h  P f e r t i l i z e r  a l o n e .  I n  o r d e r  to  c o n f i r m  w h e t h e r  e i t h e r  
of  t h e  p o s s i b i l i t i e s  s u g g e s t e d  a b o v e  i s  c o r r e c t ,  t h i s  e x p e r i m e n t  (4)  c o u ld  
b e  r e p e a t e d  w i t h  r a t e s  of  P f e r t i l i z e r  o v e r  96 k g  h a - 1 , a n d  a l so  with  
Mo f e r t i l i z e r  a d d i t i o n s .
A n  a l t e r n a t i v e  r e a s o n  f o r  t h e  l a c k  o f  r e s p o n s e  to  P - a d d i t i o n  c o u ld  
b e  t h a t  a n i o n  e x c h a n g e  o f  POi*3-  a n d  MoCR2- w a s  n o t  p o s s i b l e ,  fo r  
e x a m p le  b e c a u s e  o f  i n a c c e s s i b i l i t y  o f  t h e  o x i d e  s u r f a c e s .  H o w e v e r ,  
t h i s  s u g g s t i o n  i s  n o t  v e r y  p l a u s i b l e , p a r t i c u l a r l y  f o r  soi l  2  w h ich  g a v e  
t h e  e x p e c t e d  r e s p o n s e s  w i th  r e g a r d  to  p l a n t  a n d  soi l Mo c o n t e n t s  f o r  
t h e  m a j o r i t y  o f  t r e a t m e n t s  a p p l i e d  d u r i n g  t h e  o t h e r  e x p e r i m e n t s  
r e p o r t e d  in  t h i s  t h e s i s .
S u lp h u r
T h e  a d d i t i o n  o f  lime to  b o t h  so i l s  d i d  n o t  i n i t i a l l y  h a v e  a n  e f f e c t  
on  soi l e x t r a c t a b l e  SOtf2_- S  c o n t e n t ;  b u t  a f t e r  p l a n t  g r o w t h  t h e r e  was  
more  SOi*2- e x t r a c t a b l e  f rom p o t s  l imed  to  c .  6 . 5  r a t h e r  t h a n  5 . 0 ,  w h e r e  
WC h a d  b e e n  g r o w n  b u t  n o  d i f f e r e n c e  w as  n o t e d  w h e r e  PRG was g r o w n  
( T a b l e  A3 .  3 1 ) .  P o s s i b l e  c a u s e s  f o r  t h e  i n c r e a s e d  soi l  S 0 42- c o n c e n t r a ­
t i o n s  w i th  r a i s e d  pH a r e  d i s c u s s e d  on  p a g e  218.  T h e  e f f e c t  of  P a d d i t i o n  
was  a n a l a g o u s  to  t h a t  of  l im ing ,  n o  e f f e c t  i n i t i a l ly  in e i t h e r  soil o r  in 
e i t h e r  soi l a f t e r  PRG g r o w t h  b u t  a n  e f f e c t  d i d  o c c u r  in  t h e  p o t s  in 
w h ich  WC w as  g r o w n  -  a d e c r e a s e  ( F i g u r e  3 . 3 5 ) .  T h e r e  was no  lime
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x P - a d d i t i o n  i n t e r a c t i o n  ( a t  t h e  e n d  of  t h e  e x p e r i m e n t )  b u t  t h e  s p e c i e s  
x  lime x  P - a d d i t i o n  w as  s i g n i f i c a n t  ( p  < 0 .0 5 ) .
T h e  g e n e r a l  l a c k  o f  e f f e c t  o f  P f e r t i l i z a t i o n  on  soi l  SCfl2- c o n t e n t s ,  
a s  f o r  soi l Mo c o n t e n t s ,  w as  n o t  e x p e c t e d  s in c e  SCq2- c o n t e n t s ,  l ike  
t h o s e  o f  MoOit2 - , a r e  g e n e r a l l y  r e p o r t e d  to  b e  e n h a n c e d  b y  P - a p p l i c a t i o n , 
a l t h o u g h  to  a  l e s s e r  e x t e n t  t h a n  M o042 _ , b u t  f o r  t h e  sam e  r e a s o n ,  i . e .  
i n c r e a s e d  c o m p e t i t i o n  f o r  a n i o n  a d s o r p t i o n  ( e . g .  M e t s o n  a n d  B l a k e m o r e ,  
1978) .  T h e  d i f f e r e n c e  in e f f e c t  t h a t  t h e  tw o  s p e c i e s  h a d  on  soil  e x t r a c ­
t a b l e  SO^2- c o n t e n t s  w i th  r e g a r d  to  b o t h  lime a n d  P - a d d i t i o n  c o u ld  
b e  r e l a t e d  to  t h e i r  d i f f e r e n t  g r o w t h  r a t e s .  WC p r o d u c e d  c o n s i d e r a b l y  
l e s s  h e r b a g e  t h a n  PRG ( F i g u r e  3 .3 8 )  a n d  h e n c e  u t i l i z e d  l e s s  soil  SO^2 - . 
T h e r e f o r e  a t  t h e  e n d  o f  t h e  e x p e r i m e n t s ,  p o t s  in  w h i c h  WC w e re  g r o w n  
w ou ld  c o n t a i n  m ore  SO,*2- t h a n  t h o s e  in w h ic h  PRG h a d  b e e n  g r o w n ,
13-78 m g  S ( V _- S  k g - 1  a i r - d r y  soi l  f o r  WC p o t s  c o m p a r e d  wi th  8-26 mg 
k g _ 1  f o r  P R G ;  p r e s u m a b l y  i n s u f f i c i e n t  SOi,2- w as  d e s o r b e d  to  r e p l a c e  
all t h a t  u t i l i z e d .
A n  a l t e r n a t i v e  e x p l a n a t i o n  f o r  t h e  d i f f e r e n c e  b e t w e e n  t h e  tw o  
s p e c i e s  c o u l d  b e  r e l a t e d  to  t h e  r e p u t a t i o n  o f  WC a s  a soi l  a c id i f i e r  
( H e l y a r ,  1976) .  No e v i d e n c e  o f  t h i s  w a s ,  h o w e v e r ,  f o u n d  in  t h i s  e x p e r i ­
m e n t  w h e r e  b u l k  soi l  p H s  w e r e  m e a s u r e d  a l t h o u g h  r h i z o s p h e r e  pH was 
p o s s i b l y  r e d u c e d .  I f  WC h a d  a c i d i f i e d  t h e  so i l ,  e v e n  i f  o n ly  in  t h e  
r h i z o s p h e r e ,  t h i s  w ou ld  h a v e  c a u s e d  a r e d u c t i o n  in  soil  SOi*2-  l e v e l s  
( b y  a n a l o g y  w i t h  t h e  e f f e c t  o f  l i m i n g ) , b u t  t h e r e  w a s  n o  e v i d e n c e  of  
t h i s .  I n s t e a d  i t  w a s  PRG g r o w t h  t h a t  l e d  to  r e d u c e d  soil  SOt,2-  l e v e l s  
d u r i n g  t h e  c o u r s e  of  t h e  e x p e r i m e n t ,  a n d  WC g r o w t h  l e d  to  u n a l t e r e d  
o r  s l i g h t l y  i n c r e a s e d  l e v e l s .
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T h e  a d d i t i o n  o f  l ime l e d  to  i n c r e a s e d  h e r b a g e  S c o n c e n t r a t i o n s  
a l t h o u g h  t h i s  d i d  n o t  c o n t i n u e  b e y o n d  t h e  f i r s t  h a r v e s t  f o r  PRG , t h e  
e f f e c t  o f  lime a d d i t i o n  o n  h e r b a g e  S c o n t e n t  i s  d i s c u s s e d  on  p a g e  218.  
P - a d d i t i o n  h a d  a v e r y  h i g h l y  s i g n i f i c a n t  b u t  i n c o n s i s t e n t  e f f e c t  on 
h e r b a g e  S% ( a t  b o t h  h a r v e s t s ) ,  t h e  b a s i c  e f f e c t  w as  d e c r e a s e d  p l a n t  
S% a s  t h e  a m o u n t  o f  P a p p l i e d  i n c r e a s e d .  T h e r e  w a s  n o  i n t e r a c t i o n  
b e t w e e n  lime a n d  P - a d d i t i o n  a t  t h e  f i r s t  h a r v e s t ,  i . e .  a t  b o t h  lime l e v e l s  
P - a d d i t i o n  d e c r e a s e d  h e r b a g e  S c o n t e n t s ,  b u t  t h e r e  w a s  a  h i g h l y  s i g n i f i ­
c a n t  i n t e r a c t i o n  ( p  <0.01)  a t  t h e  s e c o n d ,  i . e .  P - a d d i t i o n  o n ly  h a d  a n  
e f f e c t  a t  lime l e v e l  1. A t  b o t h  h a r v e s t s  t h e  s p e c i e s  x  lime x  P - a d d i t i o n  
i n t e r a c t i o n  w a s  s i g n i f i c a n t  ( p  <0 . 0 0 1  a t  t h e  f i r s t  h a r v e s t  a n d  p < 0 . 0 1  
a t  t h e  s e c o n d )  ( F i g u r e  3 . 4 1 ) .
T h e  d e c r e a s e  o f  p l a n t  S c o n t e n t s  fo l low ing  P f e r t i l i z a t i o n  w a s ,  
a s  fo r  soi l SO^2- c o n t e n t s ,  t h e  o p p o s i t e  o f  w h a t  w o u ld  b e  e x p e c t e d  
f ro m r e a d i n g  t h e  l i t e r a t u r e  ( e . g .  M c L a r e n ,  1976; R e d d y  et al. , 1981a) .  
H o w e v e r ,  P - a d d i t i o n  to  o n e  o f  t h e  so i l s  s t u d i e d  b y  R e d d y  d id  n o t  l e a d  
to  a n y  a l t e r a t i o n  in  t h e  S c o n t e n t  o f  s u b c l o v e r .  A g a i n  n o  a d e q u a t e  
e x p l a n a t i o n  c a n  b e  o f f e r e d  a s  to  w h y  h e r b a g e  S c o n t e n t s  d i d  n o t  b e h a v e  
a s  e x p e c t e d ,  a soil  e f f e c t  c o u l d  b e  p r o p o s e d ,  b u t  s i n c e  t h e  two soi ls  
u s e d  w e r e  v e r y  d i f f e r e n t  i t  s e e m s  i m p r o b a b l e  t h a t  i t  w as  a  soil e f f e c t  
o r ,  a t  l e a s t ,  t h a t  i f  a  soil  e f f e c t  w a s  t h e  c a u s e  i t  w ou ld  h a v e  b e e n  
t h e  same in  b o t h  s o i l s .
4 .2  N i t r o g e n  a p p l i c a t i o n
T h e  d i s c u s s i o n  of  t h e  e f f e c t  t h a t  N a p p l i c a t i o n  h a s  on t h e  soi l -  
p l a n t  r e l a t i o n s h i p s  o f  C u ,  Mo a n d  S will b e  b a s e d  on t h e  r e s u l t s  of  
E x p e r i m e n t  3 ( C h a p t e r  I I ,  S e c t io n  2 . 3 ) .
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C opper
T h e r e  w a s  n o  e v i d e n c e  o f  a n y  e f f e c t  o f  N f e r t i l i z a t i o n  on  t h e  
h e r b a g e  C u  c o n c e n t r a t i o n  o f  PRG g r o w i n g  in e i t h e r  soi l  -  n e i t h e r  a 
d i lu t i o n  e f f e c t  ( c f .  C h a u d h r y  a n d  L o n e r a g a n ,  1970; R e i t h  et al. , 1984) 
n o r  an  e f f e c t  o f  t h e  fo rm  of  N f e r t i l i z e r  a p p l i e d  ( c f . T i l l s  a n d  A llow ay ,  
1981a) w as  o b s e r v e d  ( F i g u r e  3 . 2 9 ) .  I t  h a d  b e e n  e x p e c t e d  t h a t  soil  8 , 
a t  l e a s t ,  m i g h t  h a v e  p r o d u c e d  a  h e r b a g e  C u  r e s p o n s e  t o  N f e r t i l i z a t i o n .
Soil 8  i s  a  p e a t y  p o d z o l  w i th  a  low to  d e f i c i e n t  E D T A - e x t r a c t a b l e  soil 
C u  c o n t e n t ,  a n d  t h e  l i t e r a t u r e  c o n t a i n s  s e v e r a l  r e p o r t s  o f  l o w e r e d  h e r b a g e  
Cu  c o n c e n t r a t i o n s  a f t e r  N a p p l i c a t i o n  to  C u  d e f i c i e n t  p e a t s  ( e . g .  D eK oek  
a n d  C h e s h i r e ,  1968,  f o r  w h e a t ) .  R e s p o n s e s  of  p l a n t  Cu  fo l lowing  
N a d d i t i o n  to  so i l s  w h i c h  c o n t a i n  a d e q u a t e  E D T A - e x t r a c t a b l e  soil  C u ,  
s u c h  a s  soi l 2,  h a v e  a l s o  b e e n  r e p o r t e d  ( e . g .  R e i t h  et al. , 1984, o b ­
s e r v e d  i n c r e a s e d  h e r b a g e  C u  c o n c e n t r a t i o n s  a f t e r  N - a d d i t i o n ) .  T h e  
l a c k  of  e f f e c t  o f  N f e r t i l i z e r  on  h e r b a g e  C u  c o n t e n t s  f o r  b o t h  soi ls  in 
t h e  p r e s e n t  s t u d y  i l l u s t r a t e s  h o w  u n p r e d i c t a b l e  t r a e e - e l e m e n t  r e s p o n s e  
to  f e r t i l z i a t i o n  i s .
T h e  maximum  a m o u n t  o f  N a p p l i e d  in  E x p e r i m e n t  3 w as  o n ly  80 
k g  N h a - 1  w h i c h  i s  a  m o d e r a t e  f i e ld  d r e s s i n g ,  a n d  t h e  DM p r o d u c t i o n  
r e s p o n s e  o f  PRG g r o w i n g  in  soil  2 h a d  n o t  y e t  r e a c h e d  i t s  maximum 
a n d  p l a t e a u e d  ( F i g u r e  3 . 2 8 ) .  I t  w o u ld  b e  i n t e r e s t i n g  to  s ee  i f  t h e  
a p p l i c a t i o n  o f  m o re  N ,  f o r  e x a m p l e  150 o r  200 k g  N h a - 1 , wou ld  p r o d u c e  
a  h e r b a g e  C u  r e s p o n s e ,  p a r t i c u l a r l y  s in c e  t h e r e  i s  r e p o r t e d  to  b e  an  
a s s o c i a t i o n  b e t w e e n  N a n d  C u  w i t h i n  t h e  p l a n t  f o r  t r a n s l o c a t i o n  p u r p o s e s  
( e . g .  L o n e r a g a n  et al. , 1980) .
Much o f  t h e  p u b l i s h e d  w o r k  a b o u t  t h e  r e l a t i o n s h i p  b e t w e e n  N 
fe r t i l i z a t i o n  a n d  p l a n t  C u  u p t a k e  h a s  b e e n  c a r r i e d  o u t  w i th  Cu d e f i c i e n t  
soi ls  to  w h ic h  b o t h  N a n d  C u  h a v e  b e e n  a d d e d  ( e . g .  Hill et a l ., 1978
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a n d  S i n g h  a n d  S w a r u p ,  1982,  f o r  s a n d s ;  C h e s h i r e  et al. , 1967, fo r  
p e a t s ) .  H e n c e ,  i t  i s  p o s s i b l e  t h a t  t h e  a d d i t i o n  o f  Cu  a l so  to  soi ls 2 
a n d  ( p a r t i c u l a r l y )  8  m i g h t  h a v e  e l i c i t e d  a d i f f e r e n t  r e s p o n s e  to  t h a t  
d e s c r i b e d  a b o v e .
S i n g h  a n d  S w a r u p  (1982)  a c c o u n t e d  f o r  i n c r e a s e d  h e r b a g e  Cu 
c o n c e n t r a t i o n  f o r  p l a n t s  g r o w i n g  in  a loamy s a n d  f o l l o w in g N  ( ( N H d a  
SO O  a n d  C u  a p p l i c a t i o n  b e c a u s e  o f  i n c r e a s e d  soil  a v a i l a b i l i t y  of  Cu  
c o m p o u n d s  d u e  t o  t h e  a c i d i f y i n g  e f f e c t  o f  t h e  (NHiJzSOi,  t o g e t h e r  wi th  
g r e a t e r  u p t a k e  b y  a n  e n l a r g e d  p l a n t  r o o t  s y s t e m .  H o w e v e r ,  in  E x p e r i ­
m e n t  3 h e r b a g e  DM p r o d u c t i o n  i n c r e a s e d  w i th  N a p p l i c a t i o n ,  p a r t i c u l a r l y  
f o r  soil  2 , a s  p r e s u m a b l y  d i d  r o o t  p r o d u c t i o n ,  y e t  t h e r e  was n o  c o r r e s ­
p o n d i n g  i n c r e a s e  in  p l a n t  u p t a k e ,  p o s s i b l y  b e c a u s e  e n o u g h  Cu  was 
a l r e a d y  b e i n g  a b s o r b e d  b y  t h e  p l a n t s .
Molybdenum
T h e r e  w a s  n o  r e s p o n s e  o f  PRG h e r b a g e  Mo c o n c e n t r a t i o n  to  N 
f e r t i l i z a t i o n  f o r  p l a n t s  g r o w n  in  soi l  8  b u t  in  soil  2 , t h e  soi l w h ic h  p r o d u c e d  
t h e  l a r g e s t  g r o w t h  r e s p o n s e  t o  N , N a p p l i c a t i o n  ( r e g a r d l e s s  o f  form o r  
l ev e l  of  N a d d i t i o n )  l e d  to  r e d u c e d  Mo c o n c e n t r a t i o n s  ( F i g u r e  3 . 3 0 ) .
T h e s e  o b s e r v a t i o n s  s u g g e s t  t h a t  N a p p l i c a t i o n  to  soi l 2 p r o d u c e d  a 
d i l u t io n  e f f e c t  on  h e r b a g e  Mo c o n t e n t .  H o w e v e r ,  s in c e  t h i s  'd i lu t io n  
e f f e c t '  d id  n o t  c o n t i n u e  b e y o n d  40 k g  N h a - 1  whi le  t h e  g r o w t h  r e s p o n s e  
d i d ,  i t  i s  p o s s i b l e  t h a t  t h e  d e c r e a s e  in  Mo c o n c e n t r a t i o n  w as  b r o u g h t  
a b o u t  b y  t h e  p r e s e n c e  of  N .
T h e  p o s s i b i l i t y  t h a t  N a p p l i c a t i o n  r e d u c e s  t h e  h e r b a g e  Mo c o n c e n t r a ­
t io n  of  PRG g r o w n  in  soi l 2 i s  s u p p o r t e d  b y  d a t a  f rom E x p e r i m e n t s  IB 
a n d  4,  b u t  n o t  b y  t h a t  f rom E x p e r i m e n t s  2A a n d  5 ( T a b l e  4 . 2 ) ;  in all 
e x p e r i m e n t s ,  o t h e r  t h a n  E x p e r i m e n t  3, a n  in i t i a l  a p p l i c a t i o n  of  NH4 N O 3
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T a b le  4 .2 :  C o m p a r i s o n  o f  h e r b a g e  Mo c o n c e n t r a t i o n s  f o r  PRG g r o w n
in soi l  2 ( d a t a  f o r  PRG p l a n t s  g r o w n  f o r  a  s im ila r  l e n g t h  
of  t ime  u n d e r  s im i la r  c o n d i t i o n s  to  t h o s e  o f  E x p e r i m e n t  3 ) .
E x p e r i m e n t
pH a t  
h a r v e s t
D a y s  of  
g r o w t h
Mo c o n c e n t r a t i o n  
o f  PRG (m g  k g - 1  DM) s . e .
IB 5 .0 35 2 . 0 0 .29
4 . 9 60 5 .4 0 .7 2
5 .0 90 6 . 1 0 . 6 6
2A 5 .1 40 4 .0 0 .57
3 No JH 5.0 42 4. 3 0. 32
N+ N 5. 0 42 3 , 1 0. 45
4 4 .6 36 1.4 1 . 1 1
5 5 .1 30 7 .2 1.48
e q u i v a l e n t  to  60 k g  N h a - 1  w a s  m a d e .  T h e  l a c k  o f  c o m p le t e  s u p p o r t  
fo r  t h i s  h y p o t h e s i s  d o e s  n o t  r u l e  i t  o u t  a s  d i f f e r e n c e s  b e t w e e n  t h e  
e x p e r i m e n t s  ( e . g .  t r e a t m e n t  d i f f e r e n c e s ,  t ime of  y e a r )  may  a c c o u n t  
f o r  t h e  v a r y i n g  h e r b a g e  Mo c o n c e n t r a t i o n s .
A d e c r e a s e  in  PRG ( a n d  r e d  c l o v e r )  Mo c o n c e n t r a t i o n  was o b s e r v e d  
b y  Williams a n d  T h o r n t o n  (1972)  fo l lo w in g  t h e  a p p l i c a t i o n  of  (NH4 )2 SOit 
a n d  was  a c c o u n t e d  f o r  d u e  t o  t h e  p r e s e n c e  of  t h e  NHi* + io n ,  b u t  no  
m ech an i sm  was p r o p o s e d  f o r  t h e  e f f e c t .  A p o s s i b l e  m e c h a n i s m  co u ld  
b e  t h a t  t h e  p r e s e n c e  o f  NHit+ i o n s  a c i d i f i e d  t h e  soi l w h i c h  r e d u c e d  Mo 
u p t a k e  ( s e e  p a g e  216) ( c f . G o l d b e r g  et al. , 1983, w h e r e  soil a c id i f i c a ­
t ion  b r o u g h t  a b o u t  b y  NH4+ f e r t i l i z a t i o n  i n c r e a s e d  p l a n t  Mn u p t a k e ) .
Soil 2 was o b s e r v e d  to  e x h i b i t  a g r e a t e r  i n c r e a s e  in  p l a n t  Mo c o n c e n t r a ­
t ion  a f t e r  l im ing  t h a n  soi l  8 , so  c o n v e r s e l y  t h i s  c o u l d  e x p l a i n  why  t h e r e  
was a  d e c r e a s e  in  p l a n t  Mo c o n c e n t r a t i o n  a f t e r  NH4+ a d d i t i o n  on ly in soil  2. 
N 0 3~-N a d d i t i o n  h a s  b e e n  r e p o r t e d  to  i n c r e a s e  p l a n t  n e e d  f o r  Mo ( G u p t a  
a n d  L i p s e t t ,  1981) ,  b u t  w h e t h e r  t h i s  is  r e f l e c t e d  in  a n  i n c r e a s e d  ( o r
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d e c r e a s e d )  p l a n t  Mo c o n c e n t r a t i o n  will d e p e n d  u p o n  t h e  a m o u n t  of  soi l 
a v a i l a b le  Mo.
B a r s h a d  (1951)  s u g g e s t e d  t h a t  N f e r t i l i z a t i o n  d e l a y s  Mo u p t a k e  
r a t h e r  t h a n  d e c r e a s i n g  i t  a n d  t h i s  c o u l d  b e  s u p p o r t e d  b y  t h e  r e s u l t s  
of  E x p e r i m e n t  IB ( s e e  T a b l e  4 . 2 )  w h e r e  h e r b a g e  Mo c o n c e n t r a t i o n  was  
o b s e r v e d  to  i n c r e a s e  w i th  t im e ;  b u t  t h e  i n f l u e n c e  o f  t h e  in i t i a l  lime 
a p p l i c a t i o n ,  a n d  N a p p l i c a t i o n  a f t e r  e a c h  h a r v e s t  m ake  t h e  r e s u l t s  d i f ­
f i c u l t  t o  i n t e r p r e t .  In  o r d e r  to  i n v e s t i g a t e  t h i s  s u g g e s t i o n  f u r t h e r  
i t  w ou ld  b e  n e c e s s a r y  t o  s t u d y  t h e  l o n g  t e r m  e f f e c t  o f  N f e r t i l i z a t i o n  
on  p l a n t  Mo u p t a k e  u s i n g  s e v e r a l  d i f f e r e n t  u n l i m e d  s o i l s ,  d e s p i t e  t h e  
p r o b l e m s  of  o b t a i n i n g  s u f f i c i e n t  h e r b a g e  D M ' p r o d u c t i o n  f o r  a n a l y s i s .
B o t h  WC a n d  PRG s h o u l d ,  i f  p o s s i b l e ,  b e  u s e d  in  s u c h  a s t u d y  as  West 
(1981)  h a s  r e p o r t e d  t h a t  c l o v e r  Mo c o n c e n t r a t i o n s  a r e  i n c r e a s e d  a n d  
PRG Mo c o n c e n t r a t i o n s  d e c r e a s e d  b y  N a p p l i c a t i o n .
Why N f e r t i l i z a t i o n  o n l y  a f f e c t e d  t h e  Mo c o n c e n t r a t i o n  of PRG 
g r o w n  in  soi l 2  a n d  n o t  o f  t h a t  g r o w n  in  soi l  8  s e e m s  u n l i k e l y  to  be 
r e l a t e d  to  t h e  e x t r a c t a b l e  Mo c o n t e n t s  of  t h e  u n a m e n d e d  so i l s ,  w hic h  
w e re  0 .042 a n d  0 .0 4 9  mg  Mo k g - 1  o v e n - d r y  soi l r e s p e c t i v e l y .  I t  h a s  
a l r e a d y  b e e n  m e n t i o n e d  t h e  g r e a t e r  r e s p o n s e  of  p l a n t  Mo c o n t e n t  fo r  
p l a n t s  g r o w n  in  soil  2  r a t h e r  t h a n  soi l  8  i s  c o n s i s t e n t  w i th  t h e i r  b e h a v i o u r  
w i th  r e g a r d  to  t r e a t m e n t s  a p p l i e d  in  o t h e r  e x p e r i m e n t s  ( s e e  p a g e  1 9 4 ) .
Soil 8  h a d  tw ic e  t h e  t o t a l  N c o n t e n t  o f  soi l  2 b e f o r e  t h e  a p p l i c a t i o n  of  
a n y  t r e a t m e n t s  ( 1 . 0 0  mg N k g - 1  o v e n - d r y  soil  cf. 0 .4 2  mg k g -1 s . e .
0 .008)  w h ic h  m ay  n o t  o n ly  a c c o u n t  f o r  t h e  l a c k  o f  g r o w t h  r e s p o n s e  
( F i g u r e  3 . 2 8 ) ,  b u t  a l so  f o r  w h y  soi l  8  d id  n o t  p r o d u c e  h e r b a g e  with  
a l t e r e d  Mo r e s p o n s e  fo l low ing  N - a d d i t i o n ,  i . e .  t h e  N a l r e a d y  p r e s e n t  
l e ad  to  r e d u c e d  h e r b a g e  Mo c o n t e n t s .
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S u lp h u r
T h e  h e r b a g e  S% of  PRG g r o w n  in  soil  8  w as  a f f e c t e d  on ly  s l i g h t l y  
b y  N a d d i t i o n  w h e r e a s  t h a t  o f  PRG g r o w n  in  soi l 2 w as  a f f e c t e d  m a r k e d l y  
( F i g u r e  3 . 3 1 ) .  T h e  d e c r e a s e  o b s e r v e d  in  soi l  2 w a s  p r o b a b l y  a  d i l u t io n  
e f fec t ,  a s  a l so  n o t e d  b y  M c L a re n  ( 19 7 6 ) .  H o w e v e r ,  t h e  e f f e c t  d id  n o t  
c o n t i n u e  b e y o n d  40 k g  N h a - 1  w i th  NHi*+-N a l t h o u g h  i t  d i d  fo r  N 0 3_-N 
d e s p i t e  e q u i v a l e n t  g r o w t h  r e s p o n s e s  b e i n g  p r o d u c e d  b y  t h e  two  fo rm s  
o f  N f e r t i l i z e r .  A s im i la r  d i f f e r e n c e  in  r e s p o n s e  to  t h e  d i f f e r e n t  fo rm s  
o f  N f e r t i l i z e r  w a s  a l s o  o b s e r v e d  i n  soi l  8  w h e r e  d i f f e r e n c e s  w e re  s m a l l e r ,  
a s  w e r e  g r o w t h  r e s p o n s e s ,  b u t  w e r e  r e l a t i v e l y  g r e a t e r  f o r  N 0 3_-N t h a n  
f o r  N H i ^ - N .  T h e  d i f f e r e n c e  b e t w e e n  NHi++-N a n d  N 0 3_-N  is  c o n s i s t e n t  
w i th  w o r k  r e p o r t e d  b y  K i r k b y  (1978)  who  o b s e r v e d  h i g h e r  an io n  ( i n c l u d ­
in g  SCL2 - ) c o n c e n t r a t i o n s  in  p l a n t s  s u p p l i e d  w i th  NH4+-N r a t h e r  t h a n  
N 0 3_N w h i c h  w a s  a c c o u n t e d  f o r  b y  i n c r e a s e d  p r o t e i n  f o r m a t io n  in  NH4+-N 
f e d  p l a n t s ;  a n d  is  a l s o  c o n s i s t e n t  w i th  t h e  w o r k  o f  B l a i r  et al. (1970)  
who e x p l a i n e d  t h e  d i f f e r e n c e  in  t e r m s  o f  a l t e r e d  c a t i o n - a n i o n  b a l a n c e s ,  
t h e  e x p l a n a t i o n  w a s  a l s o  t h a t  f a v o u r e d  b y  J a r v i s  a n d  R o b s o n  ( 1983) .
T h e  d i f f e r e n c e  in  t h e  e f f e c t  o f  N f e r t i l i z e r  on  t h e  tw o  soi ls is  
a n a l o g o u s  t o  t h e  r e s u l t s  o b t a i n e d  f o r  h e r b a g e  Mo c o n c e n t r a t i o n  a s  w ou ld  
b e  e x p e c t e d  s i n c e  b o t h  Mo a n d  S a r e  p r e s e n t  in  t h e  soi l  a s  a n i o n s  a n d  
b e h a v e  s im i la r ly  b o t h  in  t e r m s  o f  soi l  r e a c t i o n s  a n d  p l a n t  u p t a k e .
4 .3  C o p p e r  a p p l i c a t i o n
T h e  d i s c u s s i o n  o f  t h e  e f f e c t  o f  C u  f e r t i l i z e r  on  t h e  s o i l - p l a n t  
r e l a t i o n s h i p s  o f  C u ,  Mo a n d  S is  b a s e d  on  t h e  r e s u l t s  o f  E x p e r i m e n t  
5 ( C h a p t e r  I I I ,  S e c t io n  2 . 5 ) .
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C opper
T h e  a d d i t i o n  o f  Cu  ( a s  C u O )  a t  a r a t e  e q u i v a l e n t  to  10 k g  Cu  h a - 1  
l e d  to  l a r g e  i n c r e a s e s  in  t h e  E D T A - e x t r a c t a b l e  soil  C u  c o n c e n t r a t i o n s  
o f  b o t h  soi l 2 a n d  soi l 8 , p a r t i c u l a r l y  t h e  l a t t e r  ( T a b l e  3 . 5 ) .  T h e  same 
q u a n t i t y  of  CuO h a d  b e e n  a d d e d  to  e a c h  soi l ( 0 . 0 1 0  g p o t - 1 ) a s  a p p l i c a ­
t i o n  w as  m ade  on  a  k g  h a - 1  b a s i s ,  c a l c u l a t e d  f ro m  t h e  s u r f a c e  a r e a  
of  t h e  p o t .  So,  s i n c e  soi l 8  w a s  l e s s  d e n s e  t h a n  soi l  2 (270 g p e r  p o t  
cf. 420 g )  t h e  c o n c e n t r a t i o n  o f  C u  a p p l i e d  w as  g r e a t e r  in  soil  8  t h a n  
soil  2 - 3 0  mg C u  k g - 1  a i r - d r y  soi l  c o m p a r e d  w i th  19 m g  k g - 1  a n d  h e n c e  
t h e  c o n c e n t r a t i o n  e x t r a c t e d  w a s  a l s o  g r e a t e r .
T h e  a m o u n t  o f  E D T A - e x t r a c t a b l e  C u  w as  g r e a t e r  a f t e r  50 d a y s
?of  p l a n t  g r o w t h  t h a n  a t  t h e  s t a r t  o f  t h e  e x p e r i m e n t  d e s p i t e  i n s o lu b le  
CuO b e i n g  u s e d  a s  t h e  f e r t i l i z e r  ( C u O  w as  a d d e d  in  p r e f e r e n c e  to  CuSOi* 
b e c a u s e  S w as  o n e  o f  t h e  t h r e e  e l e m e n t s  b e i n g  s t u d i e d )  . I t  t h e r e f o r e  
a p p e a r s  t h a t  t h e  C u O  was  s low ly  d i s s o l v i n g  in  t h e  so i l s  e i t h e r  b e c a u s e  
t h e  so i l s  w e r e  q u i t e  a c i d  ( t h e y  h a d  p H s  5 .0  to  5 .5 )  o r  f o r  some o t h e r  
u n i d e n t i f i e d  soi l f a c t o r .  T h e  s low r e l e a s e  o f  C u 2+ f ro m  t h e  CuO c o u ld  
h a v e  b e e n  b r o u g h t  a b o u t  b y  t h e  p l a n t  g r o w t h ,  e . g .  r o o t  e x u d a t i o n  
a n d  c o n s e q u e n t  a l t e r a t i o n  o f  r h i z o s p h e r e  c o n d i t i o n s ,  b u t  a s  t h e  p l a n t  
s p e c i e s  g r o w n  d id  n o t  a f f e c t  t h e  e x t r a c t a b l e  soi l  C u  c o n t e n t  b u t  d id  
a f f e c t  t h e  h e r b a g e  C u  c o n c e n t r a t i o n  ( F i g u r e  3 .45 )  t h i s  i s  u n l i k e l y .
F u r t h e r  e v i d e n c e  t h a t  t h e  CuO  w a s  s low ly  d i s s o l v i n g  is  d r a w n  from 
a c o n s i d e r a t i o n  o f  t h e  w o r k  o f  Williams a n d  M c L a r e n  ( 1982) who o b s e r v e d  
t h a t  w h e n  so i l s  w e r e  i n c u b a t e d  m o is t  a f t e r  C u - a d d i t i o n  ( sm al l  q u a n t i t i e s  
of  r e a d i l y  a v a i l a b l e  C u C l 2) t h e  a m o u n t  of  E D T A - e x t r a c t a b l e  Cu  d e c r e a s e d  
w ith  t im e .
T h e  i n c r e a s e  in e x t r a c t a b l e  soil  Cu  c o n t e n t  w h e n  C u  f e r t i l i z e r  
w as  a p p l i e d  w as  r e f l e c t e d  b y  i n c r e a s e d  h e r b a g e  C u  c o n c e n t r a t i o n s  fo r
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p l a n t s  g r o w n  in  t h e  so i l s  ( F i g u r e  3 . 4 5 ) ,  p a r t i c u l a r l y  f o r  soil  8  w h ic h  
n a t u r a l l y  h a d  a  low e x t r a c t a b l e  soi l  C u  c o n t e n t .  ( T h e r e  w as  n o  e f f e c t  
f o r  WC g r o w n  in  soi l  2 . )  I n c r e a s e d  h e r b a g e  C u  c o n c e n t r a t i o n s  in  p a s t u r e s  
a f t e r  C u  f e r t i l i z a t i o n  h a v e  f r e q u e n t l y  b e e n  o b s e r v e d  ( e . g .  B u r r i d g e  
et al. , 1983) .
T h e r e  w a s  a  s t r o n g  c o r r e l a t i o n  b e t w e e n  t h e  m e a s u r e d  h e r b a g e  
a n d  soi l C u  c o n t e n t s  a t  t h e  s e c o n d  h a r v e s t  ( p  <0 .001)  a n d  t h e r e  w e r e  
a l s o  c o r r e l a t i o n s  b e t w e e n  t h e  i n i t i a l  e x t r a c t a b l e  soi l  C u  c o n t e n t  a n d  
t h e  h e r b a g e  C u  c o n c e n t r a t i o n s  a t  t h e  f i r s t  ( p  <0 .001)  a n d  s e c o n d  h a r v e s t s  
( p  < 0 .0 5 ) .
M olybdenum  a n d  s u lp h u r
C u - a d d i t i o n  h a d  n o  e f f e c t  o n  t h e  a m o u n t  o f  e x t r a c t a b l e  soil  Mo 
( T a b l e  3 .9 )  o r  o n  t h e  h e r b a g e  Mo c o n c e n t r a t i o n  o f  PRG b u t  i t  d id  l e a d  
to  r a i s e d  Mo c o n t e n t  in  WC a t  t h e  f i r s t  h a r v e s t  o n l y  ( F i g u r e  3 . 4 6 ) .
I t  i s  u n l i k e l y ,  h o w e v e r ,  t h a t  t h i s  l a t t e r  r e s u l t  w a s  r e a l  ' c a u s e  a n d  e f f e c t '  
r e l a t i o n s h i p  a l t h o u g h  b o t h  smal l a n t a g o n i s t i c  ( M a c k a y  et a l . ,  1966) 
a n d  small  s y n e r g i s t i c  e f f e c t s  ( G u p t a  a n d  M acLeod ,  1975) h a v e  b e e n  
r e p o r t e d  in  t h e  l i t e r a t u r e  f o r  t h e  C u  x  Mo i n t e r a c t i o n  in  p l a n t s .
T h e r e  w a s  a l s o  n o  e f f e c t  o f  C u  f e r t i l i z e r  on  e x t r a c t a b l e  soil 
SOi,2_- S  c o n c e n t r a t i o n s  ( T a b l e  3 . 1 0 )  o r  h e r b a g e  S c o n t e n t s  ( F i g u r e  
3 . 4 7 ) .  MoOit2 -  a n d  S 0 42-  a r e  b o t h  a n i o n s  w h ic h  r e a c t  s im i la r ly  in t h e  
soi l  a n d  w o u ld  n o t  b e  e x p e c t e d  to  b e  a f f e c t e d  b y  t h e  p r e s e n c e  of  h i g h  
c o n c e n t r a t i o n s  of  C u 2+ c a t i o n s .
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T h e  d i f f e r e n c e s  in t h e  u p t a k e  o f  C u ,  Mo a n d  S b e t w e e n  PRG 
a n d  WC w e r e  i n v e s t i g a t e d  in  E x p e r i m e n t  2A f o r  so i l s  2, 4 a n d  8  ( r e s u l t s  
in  C h a p t e r  I I I ,  S e c t i o n  2 .2 )  a n d  in  E x p e r i m e n t s  4 a n d  5 f o r  soi ls  2 
a n d  8 ( r e s u l t s  in  C h a p t e r  I I I ,  S e c t i o n s  2 .4  a n d  2 . 5  r e s p e c t i v e l y ) .  T h e  
d i s c u s s i o n  t h a t  fo l l ows  is  b a s e d  o n  a  c o m p a r i s o n  o f  t h e  o v e r a l l  m ean  
f o r  e a c h  o f  t h e  tw o  s p e c i e s  g r o w i n g  in  t h e  tw o  o r  t h r e e  so i l s  u s e d  in  
t h e s e  e x p e r i m e n t s ,  r e g a r d l e s s  o f  o t h e r  t r e a t m e n t s  a p p l i e d  ( T a b l e s  4 . 3  
to  4 . 1 0 ) .  [ T h e  r e s u l t s  f rom E x p e r i m e n t  5 f o r  t h e  so i l s  to  w h ic h  C u  
f e r t i l i z e r  h a d  b e e n  a d d e d  a r e  n o t  i n c l u d e d  in  t h e  c o p p e r  s e c t i o n .  ]
C oppe r
WC w a s  o b s e r v e d  to  h a v e  g r e a t e r  h e r b a g e  C u  c o n c e n t r a t i o n s  
t h a n  PRG ( T a b l e  4 . 3 ) ;  w h e n  al l  t h e  h e r b a g e  C u  c o n c e n t r a t i o n s  f o r  
t h e  two s p e c i e s  in  t h e  t h r e e  e x p e r i m e n t s  (2 A ,  4 a n d  5) w e r e  m e a n e d  
t h e  m ean  C u  c o n t e n t  w as  6 .64  mg C u  k g - 1  DM f o r  WC a n d  4 .8 4  mg C u  
k g - 1  DM f o r  P R G .  T h i s  o b s e r v a t i o n  is  c o n s i s t e n t  w i th  t h e  s p e c i e s  d i f ­
f e r e n c e s  in  C u  c o n c e n t r a t i o n s  n o t e d  b y  o t h e r s  ( e . g .  F o r b e s  a n d  G e lm an ,  
1981; W i lk in so n ,  1984) .
P o s s i b l e  r e a s o n s  f o r  s p e c i e s  d i f f e r e n c e s  in  C u  c o n t e n t  h a v e  a l r e a d y  
b e e n  p r o p o s e d  in  C h a p t e r  I ,  S e c t i o n  3 . 1 e .  I t  i s  n o t  p o s s i b l e  to  d e c i d e  
w h ic h  i s  t h e  m o s t  l i k e ly  f rom t h e  i n f o r m a t i o n  c o l l e c t e d  in  t h e  t h r e e  
e x p e r i m e n t s .  H o w e v e r ,  i t  i s  v e r y  p r o b a b l e  t h a t  t h e  d i f f e r e n c e  is  in  
some w a y  r e l a t e d  to  i n t e r s p e c i f i c  d i f f e r e n c e s  in  t h e  m e c h a n i s m  of  Cu  
u p t a k e  -  C u  u p t a k e  in  a n  a c t i v e  p r o c e s s  ( B o w e n ,  1969) .  F o r  e x a m p l e ,
WC p l a n t s  may  h a v e  l a r g e r  r o o t  s y s t e m s  t h a n  PRG a n d  t h u s  b e  b e t t e r  
ab le  to  e x p l o i t  t h e  soi l a v a i l a b l e  C u  -  m onoco ts  ( e . g .  g r a s s e s )  a n d  
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t h e  f o r m e r  h a v e  m a n y  a d v e n t i t i o u s  a n d  l a t e r a l  r o o t s  w h i le  t h e  l a t t e r  
h a v e  a main t a p  r o o t  ( R u s s e l l .  1977) .  A l t e r n a t i v e l y ,  WC may h a v e  
a  g r e a t e r  r a t e  o f  C u  u p t a k e  t h a n  P R G . I t  would  h a v e  b e e n  in f o r m a t i v e  
to  h a v e  l o o k e d  a t  t h e  r o o t s  o f  t h e  tw o  s p e c i e s  to  a s s e s s  w h e t h e r  t h e r e  
w e r e  d i f f e r e n c e s  in  t h e  r o o t i n g  s y s t e m s ;  o r  i f  t h e  d i f f e r e n c e  in a b o v e  
g r o u n d  ( h e r b a g e )  C u  c o n c e n t r a t i o n s  w a s  a l so  p r e s e n t  be low g r o u n d  
in t h e  r o o t s ,  w h ic h  a r e  k n o w n  t o  r e t a i n  C u  ( e . g .  J a r v i s ,  1980) .
T a b le  4 . 4 :  Mean E D T A - e x t r a c t a b l e  soil  C u  c o n t e n t s  a t  t h e  b e g i n n i n g
a n d  e n d  o f  E x p e r i m e n t s  4 a n d  5 f o r  so i l s  2 a n d  8  in w h ic h  
PRG o r  WC w a s  g r o w n .
Soil E x p e r i m e n t
E D T A -e x t r a c t a b le  soil Cu  
(mg k g - 1  a i r - d r y  so il)
TO T2
PRG WC
2 4 3 .5 4 .8 4.6
5 + + 3 .8 4 .3 4 .3
8 4 0 .45 0. 56 0.54
5 + + 0 .50 0 .63 0.48
s . e .  E x p e r i m e n t  4 TO = 0 . 0 4 9 ,  T2  = 0 .028
t o n e  v a l u e  o n ly  n o t  r e p l i c a t e d  a n a l y s i s  -  soi ls  w i t h o u t  
a d d e d  C u .  +f s ee  T a b l e  4 . 6 .
A n  a l t e r n a t i v e  r e a s o n  w h y  WC c o n t a i n e d  m ore  C u  t h a n  PRG c o u ld  
b e  u n r e l a t e d  t o  t h e  u p t a k e  m e c h a n i s m  p e r  s e , b u t  r a t h e r  r e l a t e d  to  
t h e  a v a i l a b i l i t y  o f  C u  from t h e  so i l :  WC may h a v e  i n c r e a s e d  t h e  a m o u n t
of  p l a n t  a v a i l a b l e  C u  from t h e  s o i l ,  f o r  e x a m p le  b y  r o o t  e x u d a t i o n  b y  
c h a n g i n g  t h e  soi l r e d o x  p o t e n t i a l .  I f ,  h o w e v e r ,  T a b l e  4 .4  is  s t u d i e d  it  
i s  s e e n  t h a t  t h e r e  w as  v e r y  l i t t l e  d i f f e r e n c e  in e x t r a c t a b l e  soil Cu c o n t e n t s  
a f t e r  PRG o r  WC g r o w t h ;  a n d  i f  t h e r e  i s  a d i f f e r e n c e  i t  i s  t h a t  soi ls  in
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w h ic h  WC h a d  b e e n  g r o w n  c o n t a i n s  l e s s  C u  t h a n  t h o s e  i n  w h ich  PRG 
h a d  b e e n  g r o w n  -  t h e  r e v e r s e  o f  w h a t  w o u ld  h a v e  b e e n  e x p e c t e d .  T h e  
g r o w t h  o f  b o t h  s p e c i e s  l ed  to  r a i s e d  E D T A - e x t r a c t a b l e  soi l  Cu  c o n t e n t s .
I t  i s  p o s s i b l e  t h a t  h a d  r h i z o s p h e r e  soi l  b e e n  a n a l y s e d  r a t h e r  
t h a n  b u l k  so i l ,  d i f f e r e n c e s  m i g h t  h a v e  b e e n  o b s e r v e d  in  t h e  e x t r a c t a b l e  
soi l Cu  c o n t e n t s  a s  r e c o r d e d  b y  L i n e h a n  et at. ( 1985) a n d  d i s c u s s e d  
on p a g e  193. T h i s  s e c t i o n  a l s o  d r a w s  a t t e n t i o n  to  t h e  l a c k  o f  c o r r e l a t i o n  
b e t w e e n  E D T A - e x t r a c t a b l e  soi l  C u  a n d  h e r b a g e  C u  c o n t e n t s ,  a l t h o u g h  
i t  was f o u n d  f o r  b o t h  h a r v e s t s  in  E x p e r i m e n t  4 t h a t  i n i t i a l  soil  Cu  c o n t e n t  
w as  v e r y  h i g h l y  s i g n i f i c a n t l y  c o r r e l a t e d  ( p  <0 .001)  w i th  PRG a n d  WC 
Cu  c o n c e n t r a t i o n s  ( b o t h  t o g e t h e r  a n d  s e p a r a t e l y ) .
Mi tche l l  et al. (1957a)  r e p o r t e d  t h a t  w h i l s t  f o r  p l a n t s  g r o w n  in  
a  soil  w i th  a d e q u a t e  C u  l e g u m e s  will  c o n t a i n  m o re  C u  t h a n  g r a s s e s ,  
w h e n  g r o w n  in  a  soi l o f  low to  d e f i c i e n t  C u  g r a s s e s  will c o n t a i n  more 
t h a n  l e g u m e s .  T h e  C u  c o n t e n t s  o f  soil  8  i s  low a c c o r d i n g  to  t h e  limit 
s e t  b y  MacKenz ie  ( 1974) ,  a l t h o u g h  n o  p l a n t  g r o w t h  r e s p o n s e  was o b ­
s e r v e d  a f t e r  C u  f e r t i l i z e r  a p p l i c a t i o n  in  E x p e r i m e n t  5 ( F i g u r e  3 . 4 4 ) .
No t  o n ly  d i d  t h e  p l a n t s  g r o w n  in  soil  8  h a v e  t h e  l o w e s t  h e r b a g e  Cu 
c o n c e n t r a t i o n s ,  i n d i c a t i n g  a  r e l a t i o n s h i p  b e t w e e n  soi l C u  s t a t u s  a n d  
p l a n t  Cu  c o n t e n t ,  b u t  a l so  t h e y  e x h i b i t e d  t h e  s m a l l e s t  d i f f e r e n c e s  b e t w e e n  
WC a n d  PRG C u  c o n c e n t r a t i o n s  a n d ,  in  one  i n s t a n c e ,  t h e  s e c o n d  h a r v e s t  
of  E x p e r i m e n t  4 WC h e r b a g e  c o n t a i n e d  l e s s  C u  t h a n  PRG h e r b a g e  in 
a g r e e m e n t  w i th  Mitche l l  et al. ( 195 7 a ) .
Mitchel l  ( 1963) a c c o u n t s  f o r  t h e  a l t e r a t i o n  in  t h e  r e l a t i v e  h e r b a g e  
Cu  c o n t e n t  o f  g r a s s e s  a n d  l e g u m e s ,  w i th  c h a n g e s  in soi l Cu  s t a t u s ,  
b e c a u s e  t h e r e  is  a  g r e a t e r  v a r i a t i o n  in  t h e  r a n g e  o f  h e r b a g e  Cu  v a l u e s  
f o u n d  in l e g u m e s  t h a n  in  g r a s s e s .  E v i d e n c e  w a s  f o u n d  in E x p e r i m e n t s  
2A a n d  4 ( a  s im i la r  c o m p a r i s o n  w as  n o t  p o s s i b l e  in E x p e r i m e n t  5) t h a t
239.
WC p l a n t s  do h a v e  a w i d e r  r a n g e  o f  h e r b a g e  C u  v a l u e s  f o r  a  g iv e n  
s e t  of c o n d i t i o n s  t h a n  PRG p l a n t s ,  e . g .  soil  2 a t  t h e  s e c o n d  h a r v e s t  
of  E x p e r i m e n t  4 p r o d u c e d  WC p l a n t s  c o n t a i n i n g  8 . 0 -  1 0 .8  mg Cu  k g - 1  
DM a n d  PRG p l a n t s  c o n t a i n i n g  6 . 2 -  7 .5  mg k g -1  DM. B u t  a l t h o u g h  v a r y i n g  
r a n g e s  may a c c o u n t  f o r  t h e  p h e n o m e n o n  d e s c r i b e d  a b o v e ,  i t  d o es  n o t  
e x p l a i n  i t ,  t h a t  i s  w h y ,  on  soi ls  w i th  low l e v e l s  o f  e x t r a c t a b l e  C u ,  l e g u m e  
h e r b a g e  c o n t a i n s  l e s s  C u  t h a n  g r a s s  h e r b a g e  w h e n  i t  h a s  a l r e a d y  b e e n  
p r o p o s e d  t h a t  l e g u m e s  h a v e  a  g r e a t e r  a b i l i t y  ( f o r  w h a t e v e r  r e a s o n )  
t h a n  g r a s s e s  to  a b s o r b  C u .  I t  s e e m s  i m p r o b a b l e  t h a t  t h e  ability  of  
a p l a n t  o f  e i t h e r  s p e c i e s  to  a b s o r b  C u  will b e  m o d i f i e d  b y  soi l Cu  s t a t u s  
a n d  i t  i s  t h e r e f o r e  s u g g e s t e d  t h a t  t h e  r e s u l t  f o r  soi l  8  a t  t h e  s e c o n d  
h a r v e s t  of  E x p e r i m e n t  2 i s  a n  ' a b e r r a t i o n '  a n d  s h o u l d  n o t  b e  g iv e n  
u n d u e  w e i g h t  a n d  t h a t  t h e  o r d e r  l e g u m e s  > g r a s s e s  w i th  r e g a r d  to  
h e r b a g e  C u  c o n t e n t  i s  n o t  a l t e r e d  b y  soi l  C u  s t a t u s  -  t h i s  is  in  a g r e e m e n t  
w i th  t h e  f i n d i n g s  o f  B e a v i n g t o n  a n d  W r ig h t  ( 1977) a n d  F o r b e s  a n d  
Gelman ( 1 9 8 1 ) ,  a l t h o u g h  n o t  w i th  Mi tche l l  et al. ( 195 7 a ) .
Molybdenum
VIC w as  o b s e r v e d  to  h a v e  g r e a t e r  h e r b a g e  Mo c o n c e n t r a t i o n s  
t h a n  PRG ( T a b l e  4 . 5 ) ;  w h e n  al l h e r b a g e  Mo c o n c e n t r a t i o n s  f o r  t h e  
two  s p e c i e s  in  t h e  t h r e e  E x p e r i m e n t s  ( 2 A ,  4 a n d  5) w e r e  m e a n e d  t h e  
mean  Mo c o n c e n t r a t i o n  of  WC h e r b a g e  w a s  6 .4 1  m g  k g - 1  DM a n d  t h a t  of  
PRG h e r b a g e  4 .6 4  m g  k g - 1  DM. T h i s  o b s e r v a t i o n  is  c o n s i s t e n t  wi th  
t h e  d i f f e r e n c e s  in  Mo c o n c e n t r a t i o n s  b e t w e e n  PRG a n d  WC n o t e d  b y  
o t h e r s ,  e . g .  B a r s h a d  ( 1948) a n d  F o r b e s  a n d  Gelman  ( 1 9 8 1 ) .
Mo u p t a k e  a p p e a r s  to  b e  a n  a c t i v e  p r o c e s s  a l t h o u g h  t h e r e  is 
no  d i r e c t  e v i d e n c e  (M oore ,  1972) .  T h e r e f o r e ,  a s  f o r  C u ,  t h e  d i f f e r e n c e  



































































O  O  O  O  O  CM
CO 0 0  
CO CO




o o o o
LO rH
o




I I  I I  
rH  CD CD O





0 0  ID  
rH  CO




CD O  




















CO 0 0  
CO CO
LD CO












H  CO CO
CO 0 0  ^  CO CO
^  ID  CO LD C -  ^








CD b - 
tH  CO
00 CO CD rH  CD CO

















O  CD 
CO CO
LD rH O ^















































to  i n t e r s p e c i f i c  d i f f e r e n c e s  in  u p t a k e  m e c h a n i s m s  o r  to  d i f f e r e n c e s  
in t h e  e f f e c t  t h e  tw o  s p e c i e s  h a v e  on t h e  a v a i l a b i l i t y  of  soil Mo. e . g .  
v i a  r o o t  e x u d a t e s .  F ro m  T a b l e  4 .6  i t  c a n  b e  s e e n  t h a t  a l t h o u g h  g r o w t h
T a b l e  4 . 6 :  Mean N E R O A c - e x t r a c t a b l e  soi l Mo c o n t e n t s  a t  t h e  b e g i n n i n g
a n d  e n d  of  E x p e r i m e n t s  4 a n d  5 f o r  so i l s  2 a n d  8  in w h ic h  
PRG o r  WC w a s  g r o w n .
N H kO A c  extractab le  soil Mo 
(mg k g - 1  a i r - d r y  soil)
Soil E x p e r i m e n t  --------------------------------------------------
+T0 T 2
PRG WC
2 4 0.087 0 .058 0.066
5 0 .082 0 .0 5 7 0.066
OO 0.038 0 .024 0.034
5 0 .063 0 .026 0.034
s . e .  E x p e r i m e n t  4: 
E x p e r i m e n t  5:
TO = 0 .0 0 4 8 ,  T2 
TO = 0 .0 0 7 7 ,  T2
= 0 . 0 0 2 0  
= 0 .0035
+ T 0 ,  T 2 :  d a y s  0 a n d  52 f o r  E x p e r i m e n t  4 ,  d a y s  0 a n d  50
f o r  E x p e r i m e n t  5.
o f  b o t h  s p e c i e s  c a u s e d  a n  o v e r a l l  r e d u c t i o n  in  t h e  q u a n t i t y  of  Mo e x t r a c ­
t a b l e  f rom soi l  2 a n d  soil  8  t h e  r e d u c t i o n  w as  g r e a t e r  a f t e r  PRG g r o w t h  
( t h e  e x t r a c t a b l e  soi l  Mo c o n t e n t s  w e r e  r e m a r k a b l y  s im i la r  in  b o t h  E x p e r i ­
m e n t  4 a n d  E x p e r i m e n t  5 ) .  T h i s  r e s u l t  c o u ld  i n d i c a t e  t h e  WC d o es  
h a v e  t h e  a b i l i t y  t o  i n c r e a s e  soi l Mo a v a i l a b i l i t y ;  b u t  i f  t h e  am o u n t  of  
Mo t a k e n  u p  is  c o n s i d e r e d  r a t h e r  t h a n  t h e  c o n c e n t r a t i o n  in  t h e  h e r b a g e  
( T a b l e  4 .7 )  i t  i s  s e e n  t h a t ,  a p a r t  f rom soil  2 in  E x p e r i m e n t  4, WC to o k  
u p  l e s s  Mo t h a n  PRG so t h e  soil  d i f f e r e n c e  c o u ld  m e r e l y  r e f l e c t  t h e  
lo w er  DM p r o d u c t i o n  of  a n d  n e e d  f o r ,  Mo b y  WC. T h e  p o i n t s  r a i s e d  
in  t h e  d i s c u s s i o n  a b o u t  s p e c i e s  d i f f e r e n c e s  in  C u  c o n t e n t  m u s t  a l so  b e  
r e m e m b e r e d  h e r e ,  n a m e l y :  d i f f e r e n c e s  in t h e  r o o t i n g  s y s t e m s  of  l e g u m e s
242.
a n d  g r a s s e s  b o t h  w i th  r e g a r d  t o  soi l  e x p l o r a t i o n / e x p l o i t a t i o n  a n d  t h e  
p o s s i b l e  r e t e n t i o n  o f  n u t r i e n t s  w i t h i n  t h e  r o o t s  a n d  a l so  t h a t  b u l k  soi l ,  
n o t  r h i z o s p h e r e  so i l ,  w as  a n a l y s e d .
T a b l e  4 . 7 :  C o m p a r i s o n  of  t h e  m e a n  a m o u n t s  o f  Mo t a k e n  u p  b y  PRG
a n d  WC g r o w n  in  so i l s  2 a n d  8  d u r i n g  E x p e r i m e n t s  4 a n d  
5.
Soil E x p e r i m e n t
Mean Mo uptake  (p g  pot 1)
PRG WC
2 4 13 .0 15.6
5 29 .4 3 .8
8 4 9.6 5 .7
5 15.4 13 .9
When c o r r e l a t i o n s  w e r e  p e r f o r m e d  f o r  E x p e r i m e n t  4 b e t w e e n  t h e  
soil  e x t r a c t a b l e  Mo a t  t h e  o u t s e t  o f  t h e  e x p e r i m e n t  a n d  t h e  h e r b a g e  
Mo c o n c e n t r a t i o n  a t  t h e  tw o  h a r v e s t s  t h e  fo l low in g  c o r r e l a t i o n s  w e re  
o b t a i n e d :
S i g n i f i c a n c e  of
H a r v e s t  S p e c i e s  c o r r e l a t i o n
1 PRG + WC *
PRG *
WC NS
2 PRG + WC ***
PRG **
WC **
No c o r r e l a t i o n  w as  f o u n d  b e t w e e n  soi l  Mo c o n t e n t  a t  t h e  s e c o n d  h a r v e s t  
a n d  t h e  h e r b a g e  Mo c o n t e n t s  o f  t h e  tw o  s p e c i e s  c o n s i d e r e d  t o g e t h e r  
a t  t h i s  h a r v e s t .  T h i s  i n d i c a t e s  t h a t  t r y i n g  to  r e l a t e  h e r b a g e  Mo c o n t e n t  
to  N H i tO A c - e x t r a c t a b le  soil  Mo c o n t e n t  is  n o t  s t r a i g h t f o r w a r d ,  o r  t o ta l ly  
v a l i d .
243.
A l t h o u g h  l e s s  Mo, in  a b s o l u t e  t e r m s ,  w as  t a k e n  u p  b y  l e g u m e s  
t h a n  g r a s s e s  t h e r e  w as  more  in  r e l a t i v e  ( c o n c e n t r a t i o n )  t e r m s ,  w h ich  
c o u ld  p o s s i b l y  b e  r e l a t e d  to  t h e  a b i l i t y  o f  l e g u m e s  to  f ix  n i t r o g e n .  Mo 
i s  a n  e s s e n t i a l  c o m p o n e n t  o f  n i t r o g e n a s e ,  t h e  e n z y m e  w h ic h  is  p r o d u c e d  
b y  t h e  N 2- f i x i n g  b a c t e r i u m  R h izob ium  w h ic h  l i v e s  in l e g u m e  r o o t  n o d u l e s  
a n d  i t  i s  k n o w n  t h a t  l e g u m e s  r e q u i r e  m o re  Mo t h a n  g r a s s e s ,  in  o r d e r  
to  s u p p l y  t h i s  n e e d  (M e n g e l  a n d  K i r k b y ,  1982) .  I f ,  i n  o r d e r  to  s u p p l y  
t h i s  r e q u i r e m e n t  l e g u m e s  h a v e  a  m o r e  e f f i c i e n t  Mo u p t a k e  m echan ism  
t h a n  g r a s s e s  a n d  all  t h e  ' e x t r a '  Mo t a k e n  u p  i s  n o t  u t i l i z e d  in  N 2 f i x a t i o n  
t h e r e  will b e  a  h i g h e r  c o n c e n t r a t i o n  o f  Mo in  t h e  p l a n t  -  p r o b a b l y  in 
b o t h  s h o o t s  a n d  r o o t s  ( r o o t  a n a l y s i s  f o r  Mo w o u ld  c o n f i r m  o r  r e f u t e  
t h i s  i d e a ) .
S u lp h u r
WC w as  o b s e r v e d  to  h a v e  l o w e r  h e r b a g e  S c o n c e n t r a t i o n s  t h a n
PRG w h e n  g r o w n  in  soi l s  2 o r  4 b u t  g e n e r a l l y  g r e a t e r  S c o n c e n t r a t i o n s
w h e n  g r o w n  in  soi l 8  ( T a b l e  4 . 8 ) .  When all  h e r b a g e  S% f o r  t h e  two
s p e c i e s  in  t h e  t h r e e  E x p e r i m e n t s  ( 2 A ,  4 a n d  5) w e r e  m e a n e d  t h e  m e a n s
w e re  0.187% DM f o r  PRG a n d  0.223% f o r  WC g r o w n  in  soi l 8 , a n d  0.295%
f o r  PRG c o m p a r e d  to  0.216% f o r  WC g r o w n  in  soi l s  2 a n d  4. I f  all t h r e e
soi ls  w e r e  t a k e n  t o g e t h e r  t h e  m e a n s  w e r e  0.231% f o r  PRG a n d  0.198%
f o r  WC. T h e r e  i s  n o  c o n s i s t e n t  d i f f e r e n c e  r e p o r t e d  in  t h e  l i t e r a t u r e
w i th  r e g a r d  to  t h e  r e l a t i v e  S% of  l e g u m e s  a n d  g r a s s e s ;  l e g u m e s  < g r a s s e sg r a s s e s
( M e t s o n ,  1979) ,  l e g u m e s  = ( M c L a r e n ,  1976) a n d  l e g u m e s  > g r a s s e s  ( G i l b e r t  
a n d  R o b s o n ,  1984) .
S u l p h u r  i s  t a k e n  u p  b y  p l a n t s  a s  SOi*2-  d u r i n g  a n  a c t i v e  p r o c e s s  
( B o u m a ,  1975) so  t h e r e  would  b e  e x p e c t e d  to  b e  g o o d  c o r r e l a t i o n  b e t w e e n  



















































































CO CD LO CD CO LO CO LO CO CD CD 00 rro o o o o o o o o o O o o oo o o o o o o o o o o o o o
o o o o o o o o O o o o o o
CX 00 o CD 00 CO CD CO c x o 0 5 o LO
ex 1— 1 CO c x c x c x c x r-H c x r-H co c x CO c x
o o o o o o o o o o o o o o
1 1 1 1 + + 1 1 1 1 1 1 + +
o o CO 00 r-H CO 0 5 o 00c x r-H c x r-H 04 c x c x r-H r-H o c x t-H c x c x
o o o o o o o O O o o o o o
CO LO CO
r-H LO LO r-H 0 0 t>» r-H LO O o r x co 0 5 LO 05 r—. fNc x T— 1 c x c x c x c x c x r-H c x r-H c x c x 04 c x r-». Cnj
o o o o o o o O o o o o o o o CO C5
LO CO CO CD 0 0
o o o O o o
o o o O o o
o o o O o o
r-H CD CO CO
CO cx LO CO cx
O o o O o o
1 1 1 1 + +
CO cx r-H CO CD
cx cx CO cx cx
o o o o o o
CD LO r-H r— 1 r>-
cx cx CO cx
LO CO










LO CO CO CD 00 'sPo o o  o o oo o o  o o o
o o o  o o o
CO 05 05 CD c xc x o CO r-H CO r-H
o o o O O O
1 1 1 1 + +
'vT 00 r-H O t-H
r-H o CX r-H CO r-H
o o o O o o
lo rx
o  o  o  o  o  o
0 0 0 0 0 0 c x lO r-H CO 05 CO
r-H O c x r-H CO r-H <N t—»












§ 1  
co 
co_
O O co co












w e r e  p e r f o r m e d  b e t w e e n  p l a n t  a n d  soi l  S c o n t e n t s  f o r  E x p e r i m e n t  4 
a n d  t h e r e  w a s  some d e g r e e  o f  c o r r e l a t i o n  b e t w e e n  t h e  soil  SO^2- c o n t e n t  
a t  t h e  o u t s e t  o f  t h e  e x p e r i m e n t  a n d  h e r b a g e  S% w h e n  b o t h  s p e c i e s  w e r e  
c o n s i d e r e d  t o g e t h e r  a n d  f o r  PRG , b u t  n o t  WC a lo n e :
S i g n i f i c a n c e  o f  
H a r v e s t  S p e c i e s  c o r r e l a t i o n
1 PRG + WC 
PRG 
WC
2 PRG + WC 
PRG 
WC
T h e r e  w a s  a  v e r y  h i g h l y  s i g n i f i c a n t  ( p  <0.001)  c o r r e l a t i o n  b e t w e e n  
soi l SO lt2_- S  a n d  h e r b a g e  S c o n t e n t s  a t  t h e  s e c o n d  h a r v e s t  fo r  PRG 
a n d  WC c o n s i d e r e d  t o g e t h e r  ( t h e  tw o  s p e c i e s  w e r e  n o t  a n a l y s e d  s e p a r a t e l y ) . 
H o w e v e r ,  i f  t h e  soi l  SOit2“ - S  v a l u e s  a t  t h e  s e c o n d  h a r v e s t  a r e  s t u d i e d  
( T a b l e  4 . 9 )  i t  i s  s e e n  t h a t  b o t h  f o r  soi l  2 a n d  f o r  soi l  8  t h e  soil  in w h ic h  
PRG h a d  b e e n  g r o w n  c o n t a i n e d  l e s s  e x t r a c t a b l e  SO^2-  t h a n  t h e  soil 
in  w h ic h  WC h a d  b e e n  g r o w n ;  a l t h o u g h  o n l y  in soil  8  d i d  PRG h e r b a g e  
c o n t a i n  l e s s  S .  A s im i la r  p a t t e r n  o f  r e s u l t s  w a s  a l s o  o b s e r v e d  in  t h e  
soi l f rom E x p e r i m e n t  5. In  b o t h  e x p e r i e m n t s  a n d  f o r  b o t h  soi ls t h e  
e x t r a c t a b l e  SO¡t2_- S  c o n t e n t  w a s  r e l a t i v e l y  u n a f f e c t e d  b y  WC g r o w t h  
b u t  was  c o n s i d e r a b l y  d e c r e a s e d  b y  PRG g r o w t h ,  a n d  i f  t h e  am o u n t  of  
S t a k e n  u p  p e r  p o t  is  c a l c u l a t e d  ( T a b l e  4 .1 0 )  WC i s  o b s e r v e d  to  c o n s i s t ­
e n t l y  t a k e  u p  l e s s  S t h a n  P R G ,  r e g a r d l e s s  o f  so i l .
I t  i s  t h e r e f o r e  p r o p o s e d  t h a t  in  all t h r e e  so i l s  s t u d i e d  (2 ,  4 a n d  
8 ) ,  PRG h a d  a  h i g h e r  S c o n c e n t r a t i o n  t h a n  WC a n d  t h a t  t h e  a p p a r e n t  
r e v e r s a l  o f  t h i s  in  soi l 8 was n o t  ' r e a l '  b u t  r a t h e r  r e l a t e d  to  t h e  g r e a t e r  
S u p t a k e  of  PRG . I f t h e  m ean  h e r b a g e  S c o n c e n t r a t i o n s  o b t a i n e d  on 








T a b l e  4 . 9 :  Mean POi+3~ e x t r a c t a b l e  soil  S 0 42_S c o n t e n t s  a t  t h e  b e g i n ­
n i n g  a n d  e n d  of  E x p e r i m e n t s  4 a n d  5 f o r  so i l s  2 a n d  8  in  
w h i c h  PRG o r  WC w a s  g r o w n .
POi(3_ extractab le  soil  SOi,2 ~S 
(mg k g ~ 1 a i r - d r y  soil)
Soil E x p e r i m e n t  ------------------------------------------------------
+T0 T 2
PRG WC
2 4 57 2 1 57
5 52 27 50
8  4 47 1 0 42
5 37 1 0 25
; . e .  E x p e r i m e n t  4: 
E x p e r i m e n t  5:
TO = 2 . 8 ,  T2 
TO = 2 . 3 ,  T 2
= 1 . 0  
= 0 .7
^"TO, T 2 :  d a y s  0 a n d  52 f o r  E x p e r i m e n t  4 
d a y s  0 a n d  50 f o r  E x p e r i m e n t  5.
T a b l e  4 .1 0 :  C o m p a r i s o n  of  t h e  m e a n  a m o u n t s  o f  S t a k e n  u p  b y  PRG
a n d  WC g r o w i n g  in  so i l s  2 a n d  8 , d u r i n g  E x p e r i m e n t s  
4 a n d  5.
Soil E x p e r i m e n t
Mean S  uptake (mg pot 1)
PRG WC
2 4 13 .1 2 .9
5 7 .9 2 . 2
8 4 8 . 6 3 . 1
5 6 . 6 3 .4
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h a r v e s t  o f  E x p e r i m e n t s  2A a n d  4 PRG a n d  WC h a d  a p p r o x i m a t e l y  t h e  
same S c o n t e n t ,  a n d  f o r  E x p e r i m e n t  5 PRG c o n t a i n e d  m ore  S t h a n  WC , 
b u t  a t  t h e  s e c o n d  h a r v e s t s  PRG c o n t a i n e d  c o n s i d e r a b l y  l e s s  S t h a n  WC. 
W h i t e h e a d  ( 1972) s t a t e s  t h a t  t y p i c a l  g r a s s  S c o n c e n t r a t i o n s  a r e  0 . 2 0 -
0.45% b u t  a t  t h e  s e c o n d  h a r v e s t  o f  all  t h r e e  e x p e r i m e n t s  t h e  PRG S% 
w as  below  t h i s  r a n g e  -  0.08% in E x p e r i m e n t  2 A , 0.12% in E x p e r i m e n t  4 
a n d  0.11% in  E x p e r i m e n t  5. I t  i s  t h e r e f o r e  s u g g e s t e d  t h a t  soil  8  h a s  
a  l o w e r  a b i l i t y  t o  s u p p l y  a  p l a n t ' s  S n e e d ,  a n d  t h a t  w h e r e a s  f o r  WC, 
w i th  i t s  l o w e r  u p t a k e  ( T a b l e  4 . 1 0 )  t h e  soil  c a n  s u p p l y  s u f f i c i e n t  SOi*2- 
t h i s  i s  n o t  p o s s i b l e  f o r  PRG w h i c h  h a s  a  g r e a t e r  S u p t a k e  r e f l e c t e d  
b y  t h e  r e d u c e d  soi l  S 0 42-  c o n c e n t r a t i o n s  a f t e r  PRG g r o w t h  ( T a b l e  4 . 9 ) .  
H e n c e ,  a f t e r  a  p e r i o d  o f  g r o w t h  in  soi l  8 , g r a s s e s  c o n t a i n  l e s s  S t h a n  
l e g u m e s .
T h e  l o w e r  a b i l i t y  o f  soil  8  t o  s u p p l y  SOi*2 - - S  to  p l a n t s  d o e s  n o t  
a p p e a r  to  b e  r e l a t e d  t o  soi l  S 0 4 2-- S  c o n t e n t  a s  b e f o r e  t h e  a p p l i c a t i o n  of  
a n y  t r e a t m e n t s  t h e  SCR2 - S  c o n t e n t s  o f  soi ls  2, 4 a n d  8  w e r e  30, 16 a n d  
18 mg SOi,2 - S  k g - 1  o v e n - d r y  soi l  r e s p e c t i v e l y .  T h e  m o s t  o b v i o u s  
d i f f e r e n c e  b e t w e e n  t h e  t h r e e  so i l s  i s  in  t h e i r  OM c o n t e n t s  a n d  p o s s i b l y  
t h e  a s s o c i a t i o n  b e t w e e n  S a n d  OM r e s t r i c t s  i t s  a v a i l a b i l i t y  to  p l a n t s .  
T h a t  is in  soil  8  t h e  r a t e  o f  S u p t a k e  b y  g r a s s  w as  g r e a t e r  t h a n  t h e  
r a t e  of  m i n e r a l i z a t i o n  of  OM a n d  c o n s e q u e n t  r e l e a s e  o f  SO^ 2 , w h e r e a s  
f o r  t h e  o t h e r  tw o  more  m in e r a l  so i l s  m i n e r a l i z a t i o n  o f  OM was n o t  so 
i m p o r t a n t  to  s u p p l y  p l a n t s  w i th  SOi+2_ a s  more  w as  a v a i l a b l e  f rom soil 
c l a y s  a n d  o x i d e s .
248.
6 . " TIME TREND'S"
T h e  e f f e c t  t h a t  s e a s o n  h a s  on  p l a n t  m in e r a l  c o n t e n t  was r e v i e w e d  
in C h a p t e r  I ,  S e c t i o n  3 . 2 .  I t  i s  n o t  p o s s i b l e  f r om  a  s e r i e s  of  p o t  e x p e r i ­
m e n t s  s u c h  a s  w as  c a r r i e d  o u t  f o r  t h i s  t h e s i s  to  p r o p e r l y  i n v e s t i g a t e  
t h e  e f f e c t  o f  s e a s o n  -  t h i s  c a n  o n l y  b e  s t u d i e d  in t h e  f i e ld  w h e r e  t h e  
v a r i o u s  f a c t o r s  c o n t r i b u t i n g  to  t h e  s e a s o n a l  e f f e c t  [ e . g .  d a y - l e n g t h ,  
t e m p e r a t u r e  ( a m b i e n t  a n d  s o i l ) ,  s t a g e  o f  m a t u r i t y  o f  t h e  p l a n t s  a n d  
soi l  d r a i n a g e  s t a t u s ]  a r e  u n a l t e r e d .  I t  i s ,  h o w e v e r ,  p o s s i b l e  to  o b s e r v e  
' t i m e - t r e n d s '  f ro m  t h e  p o t  e x p e r i m e n t s ,  s i n c e  m os t  o f  t h e  s ix  e x p e r i ­
m e n t s  h a d  tw o  h a r v e s t s  ( T a b l e  2 . 1 ) .  A l s o ,  s i n c e  t h e  e x p e r i m e n t s  w e r e  
c a r r i e d  o u t  p r o g r e s s i v e l y  o v e r  a n  e i g h t e e n  m o n t h  p e r i o d ,  i t  i s  p o s s i b l e  
to  o b s e r v e  i f  t h e r e  w a s  a n  e f f e c t  o f  t h e  t ime o f  y e a r  ( ' s e a s o n ' )  a t  w h ic h  
t h e  e x p e r i m e n t s  w e r e  p e r f o r m e d  on  soi l  a n d  h e r b a g e  C u ,  Mo a n d  S 
c o n c e n t r a t i o n s  a n d ,  p a r t i c u l a r l y ,  h e r b a g e  DM p r o d u c t i o n .  O n ly  t h e  
r e s u l t s  o f  so i l s  2 a n d  8  in  w h i c h  PRG w a s  g r o w n  will b e  d i s c u s s e d  a s  
t h e s e  w e r e  t h e  tw o  so i l s  a n d  o n e  s p e c i e s  u s e d  in  al l t h e  e x p e r i m e n t s .
D r y  matter p roduct ion
O f all t h e  v a r i a b l e s  a s s e s s e d  in  t h e  e x p e r i m e n t s  t h e  o n e  w h ic h  
wou ld  h a v e  b e e n  m o s t  a f f e c t e d  b y  a n y  s e a s o n a l  e f f e c t s  w o u ld  h a v e  b e e n  
h e r b a g e  DM p r o d u c t i o n ;  a n d  i t  c a n  b e  s e e n  from T a b l e  4 .1 1  t h a t  t h e r e  
was  a n  e f f e c t  o f  ' s e a s o n '  on  DM p r o d u c t i o n .
T h e  m e a n  d a i ly  DM p r o d u c t i o n s  will r e f l e c t  t h e  e f f e c t s  of  t h e  
d i f f e r e n t  t r e a t m e n t s  i m p o s e d  in  t h e  e x p e r i m e n t s ,  so  in  o r d e r  to  s t u d y  
t h e  e f f e c t  o f  ' s e a s o n '  t h e  r a n g e s  will b e  c o n s i d e r e d  -  in  p a r t i c u l a r  t h e  
maximum p r o d u c t i o n .  DM p r o d u c t i o n  is  s e e n  to  b e  g r e a t e s t  in  t h e  s u m m e r  
e x p e r i m e n t  -  n u m b e r  4 -  a n d  l e a s t  in  t h e  w i n t e r  e x p e r i m e n t  -  n u m b e r  
IB -  t h e  o t h e r  e x p e r i m e n t s  w h ic h  w e r e  p e r f o r m e d  in t h e  s p r i n g  a n d  
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T h e r e  w a s  n o  c o n s i s t e n t  p a t t e r n  o f  p r o d u c t i o n  d u r i n g  t h e  c o u r s e  
of  t h e  e x p e r i m e n t s  a s  t h i s  w a s  d e p e n d e n t  u p o n  t h e  i m p o s e d  t r e a t m e n t s ,  
f r e q u e n c y  o f  h a r v e s t i n g  a n d  h e a l t h  o f  t h e  p l a n t s .
C o p p e r , m olybdenum  a n d  s u lp h u r
Mean v a l u e s  f o r  t h e  PRG h e r b a g e  C u ,  Mo a n d  S ,  a n d  e x t r a c t a b l e  
soil C u ,  Mo a n d  SOi,2 - - S  c o n c e n t r a t i o n s  ( w h e r e  m e a s u r e d )  a r e  p r e s e n t e d  
in T a b l e s  4 .1 2  a n d  4 . 1 3 .  I t  i s  d i f f i c u l t  t o  d i s c e r n  w h e n  t h e  t a b l e s  a r e  
s t u d i e d  w h e t h e r  t h e r e  w e r e  a n y  c o n s i s t e n t  t r e n d s  in n u t r i e n t  c o n c e n t r a ­
t i o n s  w i th  t ime d u r i n g  t h e  e x p e r i m e n t s  b e c a u s e ,  r e l a t i v e l y  few v a l u e s  
a r e  p r e s e n t e d  ( p a r t i c u l a r l y  f o r  soi l  c o n c e n t r a t i o n s )  a n d  e a c h  e x p e r i m e n t  
was d e s i g n e d  to  s t u d y  d i f f e r e n t  soi l  t r e a t m e n t s ,  so  t h e  r e s u l t s  a r e  
n o t  s t r i c t l y  c o m p a r a b l e .  T h e  l a t t e r  p r o b l e m  may b e  p a r t i a l l y : o v e r c o m e  
b y  c o n s i d e r i n g  t h e  r a n g e s  o f  v a l u e s  r a t h e r  t h a n  t h e  m e a n  v a l u e s .  T h e r e ­
fo r e  s u g g e s t i o n s  a b o u t  t ime t r e n d s  in  t h e  p a t t e r n s  o f  b e h a v i o u r  of  C u ,
Mo a n d  S a r e  t e n t a t i v e .
(a) C opper
Soil -  t h e r e  w a s  n o  c o n s i s t e n t  a l t e r a t i o n  in  m ean  e x t r a c t a b l e  soi l 
Cu  c o n c e n t r a t i o n s  d u r i n g  t h e  e x p e r i m e n t s .
H erbage  -  t h e r e  w a s  a  smal l  i n d i c a t i o n  t h a t  m ean  h e r b a g e  Cu  
c o n c e n t r a t i o n s  d e c r e a s e d  o v e r  t h e  c o u r s e  o f  a n  e x p e r i m e n t .
(b )  Molybdenum
Soil  -  t h e  e x t r a c t a b l e  Mo c o n c e n t r a t i o n  o f  soi l 8  d e c r e a s e d  d u r i n g  
t h e  e x p e r i m e n t s  a s  d i d  t h a t  o f  soil  2 in  E x p e r i m e n t s  4 a n d  5, b u t  t h e  
e x t r a c t a b l e  Mo c o n c e n t r a t i o n  o f  soi l  2 t e n d e d  to  i n c r e a s e  wi th  time in 
E x p e r i m e n t s  IB a n d  6 B .
251.
Table 4.12: Mean herbage Cu, Mo and S concentrations for PRG grown in soils 2 and 8 during
the six experiments.









Range s .e .
IB 1 35 10.6 9 .7-11 .5 2.6 2.3 - 3.0 0. 22
2 25 8.4 7 .7 "  9.3 2.8 2.2 - 3.4 0. 10
3 30 8.9 8.0 - 11.0 2.9 1.7 - 3.9 0. 09




001•̂r 1.6 1.2 - 2.2 0. 08
3 1 42 5.3 4 .8 -  5.5 1.8 1.6 - 1.8 0. 04
4 1 36 6.8 5 .0-  9.7 2.2 1.8 - 2.8 0. 17
2 16 6.9 6 .2 "  7.5 2.5 2.1 - 2.7 0. 07
5+ 1 30 13.2 11.1 "  15.3 9.7 2.8 ' 16.5 0. 18
2 20 9.3 7 .5 -  11.2 5.7 2.5 - 8.8 0. 30
6B 1 36 9.1 6 .3 -11 .9 2.2 1.6 " 2.9 0. 10
H e rb a g e  Mo co n ce n t ra t io n  (m g k g  1 D M )
Experiment
No.






IB 1 35 2.9 1 .3 -  6.0 0.94 0.6 - 1.5 0. 11
2 25 4.1 0 .4 -  6.9 1.7 0 .2 -  2.9 0.31
3 30 5.8 1 .2-  10.2 4.0 1.2 - 5.4 0. 25
2B 1 40 4.5 1 .9-  7.4 1.8 1 .5 "  2.6 0. 21
2 30 5.8 2 .3 -  9.4 2.3 1.0 - 3.8 0. 18
3 1 42 2.9 2 .1 -  4.3 2.2 1.8 - 2.6 0. 16
4 1 ' 36 2.8 1 .2-  5.3 2.0 1 .5-  2.6 0. 95
2 16 5.4 3 .5 -  8.4 3.6 2 .5-  4.8 0. 4 3
5 1 30 7.2 7 .1 -  7.2 3.6 3 .2 -  4.0 1. 05
2 20 14.3 13.1- 15.5 6.8 6.6 - 6.9 3.91
6B 1 36 2.8 2 .0 -  3.8 1.1 0.7 - 1.4 0. 08











IB 1 35 0.34 0.28 -  0.39 0.33 0.29 - 0.43 0. 005
2 25 0.28 0.35 -  0.30 0.19 0.10 - 0.39 0. 009
3 30 0.28 0.25 - 0.32 0.16 0.10 - 0.38 0. 009
2B 1 40 0.28 0.23-0.36 0.20 0.14 - 0.38 0. 005
2 30 0.23 0.18-0.26 0.09 0.06 - 0.16 0. 003
3 1 42 0.32 0.23-0.38 0.14 0.12-0.15 0. 003
4 1 36 0.41 0.31 - 0.56 0.28 0.21- 0.39 0. 008
2 16 0.31 0.28-0.34 0.12 0.10-0.14 0. 006
5 1 30 0.44 0.44 - 0.44 0.35 0.34 -  0.36 0. 008
2 20 0.27 0.26-0.28 0.11 0.11- 0.12 0. 009
OB 1 36 0. 27 0.21 - 0.31 0.21 0.11- 0.28 0. 002
* Cu fertil izer addition was an experiment treatment.
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Table 4.13: Mean soil extractable Cu, Mo and SO*. "-S  concentrations for soils
2 and 8 in which PRG was grown during experiments IB, 4, 5 and 
CB .










IB 0 4.2 3 .9 -  4.6 0.60 0.58 - 0.62 0. 023
35 4.6 4 .2 -  4.8 0.61 0.52 - 0.68 0. 025
GO 4.7 4 .4 -  4.9 0.63 0.51 - 0.72 0. 024
90 4.0 3 .6 -  4.5 0.49 0.41 - 0.57 0. 027
4 0 3.5 3 .2 -  3.9 0.45 0.40 - 0.50 0. 049
52 4.8 4 .6 -  5.0 0.55 0.44 - 0.66 0. 031/0. 006+
52 O' 7.3 3 .8 -1 0 .9 4.8 0.5 - 9.2 0. 54
50 10.6 4 .3 -1 6 .8 9.5 0.6 - 18.3 0. 34
6B 0 3.6 1 .9 -  6.8 0.33 0.24 - 0.46 0. 040
36 3.0 1 .8 -  5.3 0.27 0.21- 0.34 0. 023










IB 0 0.077 0.033 - 0.172 0.050 0.045 - 0.061 0. 004 7
35 0.085 0.045 - 0.217 0.048 0.033 - 0.080 0. 0021
60 0.089 0.045 - 0.217 0.034 0.027 - 0.049 0. 0021
90 0.101 0.052 - 0.219 0.048 0.038 - 0.079 0. 0069
4 0 0.087 0.043 - 0.133 0.038 0.018 - 0.047 0. 0048
52 0.058 0.045 - 0.073 0.024 0.019- 0.031 0. 0020
5 0: 0.082 0. 080 - 0.085 0.063 0.063 - 0.064 0. 0077
50 0.057 0.054 -  0.061 0.026 0.024 - 0.027 0. 0035
6B 0 0.056 0.046 - 0.067 0.042 0.028 - 0.063 0. 0014
36 0.088 0.055- 0. 145 0.028 0.019- 0.044 0. 0018









IB 0 49 33 -  77 31 14 - 59 1. 3
35 54 31 - 103 40 12 - 114 1. 7
60 46 26 -  96 31 8 - 112 1. 7
90 43 16 -  97 35 8 - 131 1. 4
4 0 57 49 -  67 47 39 - 59 2. 8
52 21 17 - 26 10 8 - 1 3 1. 0
5 0 52 50 -  54 37 33 - 40 2. 3
50 27 26 -  28 10 9 - 1 1 0. 7
6B 0 49 37 -  60 48 27 - 78 1. 0
36 32 17 - 53 21 10 - 47 0. 8
s .e .  for soil 2/soil 8
Cu ferti lizer addition was an experimental treatment.
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H erbage  -  t h e r e  w as  a c o n s i s t e n t  p a t t e r n  o f  i n c r e a s i n g  h e r b a g e  
Mo c o n c e n t r a t i o n s  w i th  t ime d u r i n g  t h e  e x p e r i m e n t s  d e s p i t e  t h e  lack 
of  a s imila r  p a t t e r n  f o r  soil  e x t r a c t a b l e  Mo c o n t e n t s .  T h i s  is c o n s i s t e n t  
w i th  t h e  g e n e r a l l y  r e p o r t e d  v i e w  t h a t  a s  s e a s o n  a d v a n c e s  a n d  p l a n t s  
m a t u r e  h e r b a g e  Mo c o n t e n t s  i n c r e a s e  ( e . g .  D a v i e s  a n d  C r a w s h a w ,  1978) ,
i . e .  a l t h o u g h  h a r v e s t s  w e r e  t a k e n  a t  a b o u t  30 d a y  i n t e r v a l s  t h e  p l a n t  
r o o t s  w e r e  m a t u r i n g  a n d  g r o w i n g ,  a n d  h e n c e  e x p l o i t i n g  a  l a r g e r  vo lum e  
o f  soi l a n d  w e r e  a b l e  to  t a k e  u p  m o re  Mo.
(c )  S u lp h u r
Soil  -  t h e  e x t r a c t a b l e  S O i ^ - S  c o n t e n t s  o f  b o t h  so i l s  d e c r e a s e d  
wi th  t ime d u r i n g  t h e  e x p e r i m e n t s ,  t h i s  i s  c o n s i s t e n t  w i th  t h e  o b s e r v a ­
t i o n s  of  T s u j i  a n d  Goh ( 1979) .
H erbage  -  h e r b a g e  S c o n c e n t r a t i o n s  d e c r e a s e d  d u r i n g  t h e  c o u r s e  
of  t h e  e x p e r i m e n t s  a s  l e s s  soil  S ( \ 2 - - S  w as  a v a i l a b l e  f o r  u p t a k e .
7. HERBAGE C O P P E R  A V A IL A B IL IT Y  T O  GRAZING SHEEP
T h e  i m p o r t a n c e  of  t h e  r e l a t i v e  c o n c e n t r a t i o n s  o f  C u ,  Mo a n d  
S in  h e r b a g e  g r a z e d  b y  s h e e p  in  d e t e r m i n i n g  w h e t h e r  o r  n o t  t h a t  h e r b ­
a g e  i s  l ik e ly  to  g iv e  r i s e  to  a n  i n d u c e d  c o p p e r  d e f i c i e n c y  in  t h e  an im als  
h a s  b e e n  d i s c u s s e d  in  C h a p t e r  I ,  S e c t io n  1. T h e  e q u a t i o n  d e r i v e d  b y  
S u t t l e  (1 983b)  to  c a l c u l a t e  t h e  p e r c e n t a g e  o f  t h e  i n g e s t e d  Cu  t h a t  is  
a b s o r b a b l e  b y  g r a z i n g  s h e e p  w a s  a l s o  d i s c u s s e d  in  t h a t  s e c t i o n .  T h e  
e q u a t i o n  i s :
Cu  a b s o r p t i o n  (%) = 5 .71  -  1 . 279S -  2 .785 In Mo + 0 .227  Mo x S
w h e r e  S a n d  Mo a r e  t h e  h e r b a g e  c o n c e n t r a t i o n s  of  s u l p h u r  a n d  m o ly b d e n u m  
in g  k g - 1  DM a n d  mg k g - 1  DM r e s p e c t i v e l y .
254.
T h e r e  a r e  tw o  major  l im i t a t i o n s  t h a t  a p p l y  to  t h e  a b o v e  e q u a t i o n  
w h ic h  h a v e  p r e v e n t e d  c a l c u l a t i o n  o f  p e r c e n t a g e  C u  a b s o r p t i o n s  ( A q u ) 
f o r  some o f  t h e  t r e a t m e n t  c o m b i n a t i o n s  in  t h e  s ix  e x p e r i m e n t s  p r e s e n t e d  
in  t h i s  t h e s i s ,  n a m e l y :  t h e  e q u a t i o n  i s  n o t  a p p l i c a b l e  w h e r e  h e r b a g e  S 
c o n c e n t r a t i o n s  a r e  >4 g  k g - 1  DM a n d / o r  h e r b a g e  Mo c o n c e n t r a t i o n s  
> 6  m g  k g - 1  DM. V a l u e s  w h ic h  c o u l d  n o t  b e  c a l c u l a t e d  a r e  i n d i c a t e d  b y  
a  -  in  T a b l e s  4 .1 4  to  4 . 2 3 .  A f u r t h e r  r e s t r i c t i o n  i s  t h a t  t h e  e q u a t i o n  
is  a p p l i c a b l e  o n l y  to  ' s u m m e r  h e r b a g e '  -  t h e  h e r b a g e  u s e d  to  d e r i v e  
t h e  e q u a t i o n  w a s  c o l l e c t e d  d u r i n g  J u n e - J u l y  f r om  a h e t e r o g e n o u s  p e r ­
m a n e n t  p a s t u r e  ( S u t t l e ,  p e r s .  c o m m . ) .
T h e  a p p l i c a t i o n  of  t h e  e q u a t i o n  to  d a t a  c o l l e c t e d  in  g l a s s h o u s e  
p o t  e x p e r i m e n t s  c o n d u c t e d  t h r o u g h o u t  t h e  y e a r  i s  t h e r e f o r e  t e n u o u s ,  
p a r t i c u l a r l y  f o r  WC; b u t  i t  p r o v i d e s  a  m e t h o d  o f  i n t e g r a t i n g  t h e  m e a s u r e d  
h e r b a g e  v a r i a b l e s  o f  C u ,  Mo a n d  S c o n c e n t r a t i o n s ,  a n d  of  d e t e r m i n i n g  
t h e  e f f e c t  o f  d i f f e r e n t  i m p r o v e m e n t  p r o c e s s e s .  T h e r e f o r e ,  t h e  A ^ u 
a n d  T q u v a l u e s  w h ic h  fol low,  a n d  t h e  i n t e r p r e t a t i o n  o f  t h e m ,  m u s t  
b e  r e g a r d e d  a s  a  g u i d e  o n ly  t o  w h a t  m i g h t  o c c u r  f o r  h e r b a g e  c o l l e c t e d  
u n d e r  s im i la r  c o n d i t i o n s  in  t h e  f i e l d .  More i m p o r t a n t l y ,  t h e  s h e e p ' s  
g r a z i n g  b e h a v i o u r  a n d  p r o p o r t i o n s  o f  i m p r o v e d  a n d  i n d i g e n o u s  p a s t u r e  
to  w h ic h  t h e  an im a l  h a s  a c c e s s  will  h a v e  s i g n i f i c a n t  i n f l u e n c e s  on  t h e  
a v a i l a b i l i t y  o f  C u  from t h e  g r a z e d  h e r b a g e .
A n o t h e r  p r o b l e m  c o n n e c t e d  w i th  t h e  u s e  o f  A ^ u  a n d  T q u v a l u e s  
i s :  w h a t  a r e  t h e  b o u n d a r y  v a l u e s  b e t w e e n  s u f f i c i e n t ,  m a r g i n a l  a n d
i n s u f f i c i e n t  c o p p e r  f o r  a g r a z i n g  s h e e p ?  T h e  f a c t o r s  w h ic h  i n f l u e n c e  
t h e  s u s c e p t i b i l i t y  of  a  g r a z i n g  s h e e p  to  i n d u c e d  C u  d e f i c i e n c y  w ere  
d i s c u s s e d  in  C h a p t e r  I ,  S e c t io n  4 . 1  a n d  i t  w as  n o t e d  t h a t  many  d i f f e r e n t  
f a c t o r s  w e r e  i n v o l v e d .  From  a c o n s i d e r a t i o n  o f  p u b l i s h e d  v a l u e s  of  
t h e  minimum C u  r e q u i r e m e n t  f o r  s h e e p  ( A R C ,  1980) a n d  of  a b s o r b a b l e
255.
h e r b a g e  c o p p e r  c o n c e n t r a t i o n s  t h a t  h a v e  b e e n  o b s e r v e d  to  l e a d  to  i n ­
d u c e d  C u  d e f i c i e n c i e s  in  g r o w i n g  l a m b s  (Whi te law et al. , 1979. 1983) ,  
i t  i s  p r o b a b l e  t h a t  t h e  t h r e s h o l d  v a l u e  f o r  T q u s t h a t  g i v e  r i s e  to 
n e g a t i v e  C u  b a l a n c e s  in  B l a c k f a c e  s h e e p  l i e s  in t h e  r a n g e  0 . 1 5 -  0 .20 
mg Cu  k g - 1  DM: b u t  t h i s  i s  n o t  c e r t a i n  a n d  i t  i s  u n d o u b t e d l y  b e t t e r
to  c o n s i d e r  t h e  r e l a t i v e  r a t h e r  t h a n  t h e  a b s o l u t e  v a l u e s  f o r  A ^ u  a n d  
T C u  in  t h e  c o n t e x t  o f  t h e  w o r k  p r e s e n t e d  in  t h i s  t h e s i s .
(a )  So ils
I n  C h a p t e r  IV ,  S e c t io n  1, t h e  n i n e  so i l s  s t u d i e d  w e r e  c a t e g ­
o r i z e d  i n t o  v e r y  h i g h ,  h i g h ,  m o d e r a t e  o r  low r i s k  soil  s e r i e s  w i th  r e g a r d  
to  t h e  p r o b a b i l i t y  o f  h e r b a g e  g r o w i n g  in  t h e  so i l s  b e i n g  l ik e ly  to b e  low 
in  a v a i l a b l e  C u  f o r  g r a z i n g  a n i m a l s .  T h e  c a t e g o r i z a t i o n  u s e d  was t h a t  
p r e s e n t e d  in  t h e  S A C / S A R I  ( 1982) s t u d y  g r o u p  r e p o r t ,  ' T r a c e  e le m e n t  
d e f i c i e n c i e s  in  r u m i n a n t s ' ,  a n d  w a s  c a r r i e d  o u t  o n  tw o  d i f f e r e n t  b a s e s ,  
o n e  w i th  r e g a r d  t o  t h e  p r o b a b l e  h e r b a g e  C u  c o n c e n t r a t i o n  a n d  t h e  
o t h e r  w i th  r e g a r d  t o  t h e  p r o b a b l e  h e r b a g e  Mo c o n c e n t r a t i o n :
C lassif ication  b a se d  on:
H e r b a g e  C u  c o n c e n t r a t i o n  H e r b a g e  Mo c o n c e n t r a t i o n
R i s k  sta tu s  Soil R i s k  status ' Soil
V e r y  h i g h  1
H i g h  3 , 5 , 6 ,9  H ig h  4
M o d e r a t e  2 , 7 , 8  M o d e r a t e  8
Low 1 ,4  Low 2 , 3 , 5 , 6 , 7 , 9
If  t h e  c l a s s i f i c a t i o n  o f  t h e  so i l s  b y  t h e  tw o  d i f f e r e n t  s y s t e m s  a r e  c o n ­
s i d e r e d  t o g e t h e r ,  i t  i s  s e e n  t h a t  o n l y  one  so i l ,  n u m b e r  8 , i s  p l a c e d  
in  t h e  same c l a s s  in  b o t h  s y s t e m s  a n d  t h a t  all t h e  r e s t  a r e  in  d i a m e t r i c a l ly  
o p p o s i t e  c l a s s e s .
256.
T h e  l a c k  o f  a c c u r a t e  a p p l i c a b i l i t y  o f  t h e  S A C / S A R I  c l a s s i f i c a t i o n s  
to  h e r b a g e  C u  o r  Mo c o n c e n t r a t i o n s  h a s  a l r e a d y  b e e n  d i s c u s s e d  ( p a g e s  
191 a n d  195) ,  a n d  t h e  s i t u a t i o n  i s  n o  b e t t e r  w h e n  t h e  a v a i l a b i l i t i e s  
o f  h e r b a g e  c o p p e r  t o  g r a z i n g  s h e e p  a r e  c o n s i d e r e d .  I f  T a b l e s  4 .14  
a n d  4 .1 5  a r e  s t u d i e d  i t  i s  p o s s i b l e  to  d e r i v e  t h e  fo l l o w in g  r a n k i n g s  
f o r  t h e  h e r b a g e  A q u  a n d  T c u  v a l u e s  ( v a l u e s  m e a n e d  o v e r  t h r e e  h a r v e s t s )
A Cu  Lime 0 6 > 5 > 7 > 8 > 2 > 4 > 9 > 1 > 3
Lime 2 7 > 9 > 6 > 3 > 5 > 4 > 1 > 8 > 2
Lime 4 8 > 6 > 7 > 4 > 9 > 5 > 3 > 1 > 2
T Cu  Lime 0 2 > 6 > 5 > 1 > 4 > 9 > 7 > 3 > 8
Lime 2 6 > 9 > 1 > 3  = 5 = 7 > 4 > 8 > 2
Lime 4 6 > 7 > 1 > 5 > 8 > 9 > 2  = 4 > 3
It  c a n  b e  s e e n  t h a t  n e i t h e r  do  t h e s e  o r d e r s  r e f l e c t  t h e  S A C /S A R I  
c l a s s i f i c a t i o n s ,  n o r  do t h e y  g i v e  a p a r t i c u l a r l y  c o n s i s t e n t  p a t t e r n  -  
e i t h e r  b e t w e e n  lime l e v e l s  o r  w i th  r e s p e c t  to  t h e  tw o  w a y s  of  e x p r e s s i n g  
C u  av a i l a b i l i t y ^  a l t h o u g h  soi l  6  i s  t h e  soil  m os t  f r e q u e n t l y  p r o d u c i n g  
h e r b a g e  w i th  c o p p e r  a v a i l a b i l i t i e s  n e a r  t h e  t o p  o f  t h e  r a n g e  o b s e r v e d  
a n d  soi l 2  i s  t h a t  m os t  c o n s i s t e n t l y  p r o d u c i n g  h e r b a g e  t o w a r d s  t h e  
b o t to m  of  t h e  r a n g e .
(b )  Lime
I f ,  h o w e v e r ,  t h e  r e l a t i v e  d e c r e a s e s  in  c o p p e r  a v a i l a b i l i t y  b r o u g h t  
a b o u t  b y  l im ing  a r e  c o n s i d e r e d  ( l ime l e v e l  0 cf. l ime l e v e l  4 ) ,  r e a s o n a b l y  
s imilar  o r d e r s  w i th  r e g a r d  to  t h e  m a g n i t u d e  o f  t h e  d e c r e a s e  a r e  o b t a i n e d  
f o r  A q u  a n d  T q u  v a l u e s  ( m e a n  o f  t h r e e  h a r v e s t s ) :
A Cu  2 > 5 > 9 > 1 > 6 > 7 > 4 > 3 > 8
T q u  2 > 5 > 4 > 6 > 1 > 9 > 3 > 7 > 8
la rge st  y smallest
decrease  decrease
257.
T a b le  4 .1 4 :  % A v a i l a b i l i t y  o f  h e r b a g e  Cu  ( A q u ) to  s h e e p  from PRG
g r o w n  in soi ls  1 to  9 a t  t h r e e  lime l e v e l s  ( c a l c u l a t e d  
f rom  S u t t l e ,  1 9 8 3 b ) .
Ava ilab il ity  o f  Cu (% h e rb a ge  <C u )
Soil U n l im ed Lime l ev e l  2 Lime l e v e l  4
+ T i T 2 T 3 T 1 T 2 T3 T 1 T2 T 3
1 2 . 6 3 .2 2 . 1 1 . 8 2 . 2 1 .5 0 .7 1 . 0 0 . 6
2 2 . 2 6 .5 2 .5 0 . 5 - 0 .4 0 .4 0 . 2 -
3 3 .4 2 .7 0 . 8 4 .0 3 .0 0 .9 0 . 9 0 . 5 1 . 1
4 4 . 9 3 .4 2 . 6 3 .2 1 . 8 1.5 - 1 . 4 1.5
5 6 . 5 6 . 2 2 . 6 3 .2 2.4 1 . 6 0 .7 1 . 1 0 .9
6 4 .8 6 .7 4 .3 4 . 1 2 .9 2 .7 - 2 . 5 1 . 6
7 6 . 0 5 .3 2 .9 3 .9 4 .2 2 . 8 1.4 2 . 7 2 . 0
8 3 .8 4 .2 4 .4 2 .3 1 .5 1.4 3 .4 5. 0 0 .5
9 3 .3 4 .7 2 .4 3 .7 4 .5 2 .3 0 .7 1 . 3 0 . 8
s . e . : T 1 = 0 . 5 5 , T 2  = 0 . 5 9 , T 2 = 0 .33
T a b le  4 .1 5 :  A v a i l a b i l i t y  o f  h e r b a g e  C u  ( T ^ u ) ( m g  k g - 1  DM) to
s h e e p  from PRG g r o w i n g  in  so i l s  1 to  9 a t  t h r e e  lime 
l e v e l s  ( c a l c u l a t e d  a f t e r  S u t t l e ,  1 9 8 3 b ) .
A va ilab il ity  o f  Cu  (mg k g  1 D M )
U n l im e d  Lime l ev e l  2 Lime l ev e l  4
+ T 1  T 2  T 3  T 1 T 2 T3  T 1  T2  T3
1 0 .,33 0 , 30 0 .. 18 0 ..19 0 ..17 0 .. 1 2 0 .,08 0 . 07 0 . 03
2 0 .,24 0 .,82 0 .,28 0 ..04 0 .,04 0 . 05 0 . o CO
3 0 .,23 0 ,.15 0 . O 00 0 ., 2 1 0 ..17 0 .,07 0 . 04 0 . 0 1 0 .,05
4 0 .,27 0 .. 2 2 0 ., 2 0 0 ., 2 1 0 ..09 0 .. 1 0 0 .,04 0 . 04
5 0 .,43 0 ,.41 0 .. 2 1 0 ..17 0 ..16 0 ..13 0 . 06 0 .,06 0 . 05
6 0 .,35 0 ,.39 0 .,36 0 ..38 0 .. 2 2 0 .. 2 1 0 ., 1 0 0 . 05
7 0 ., 2 0 0 .. 18 0 ..17 0 ., 15 0 ..16 0 ..15 0 ..06 0 . o CO 0 . 06
8 0 .,09 0 ,.06 0 ., 1 1 0 .,07 0 .,03 0 .,04 0 .. 1 0 0 ., 0 1
9 0 ..18 0 . 28 0 ., 16 0 ., 19 0 .,27 0 . 16 0 .,04 0 ..06 0 .,05
s . e . :  T 1 = 0 . 0 2 2 ,  T2 = 0 .0 2 9 ,  T3  = 0 .022
^ T l ,  T 2 ,  T 3 :  f i r s t ,  s e c o n d  a n d  t h i r d  h a r v e s t s  -  d a y s  30, 65,  90.
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Soils  2 a n d  5 p r o d u c e d  t h e  l a r g e s t  d e c l in e  in  h e r b a g e  Cu  a v a i l a b i l i t y  
a n d  soil 8  t h e  s m a l l e s t ,  on a v e r a g e .  I f ,  h o w e v e r ,  t h e  r e s u l t s  a t  t h e  
i n d i v i d u a l  h a r v e s t s  a r e  c o n s i d e r e d ,  i t  i s  f o u n d  t h a t  soi l  7 was t h e  soil  
m os t  c o n s i s t e n t l y  s h o w i n g  t h e  s m a l l e s t  d e c r e a s e s .  So i ls  3 a n d  8  a p p e a r  
l o w e r  t h a n  soil  7 in  t h e  r a n k i n g  b e c a u s e  t h e s e  a r e  t h e  o n l y  soi ls  w h ic h  
g a v e  i n c r e a s e d  C u  a v a i l a b i l i t i e s  w i th  l im ing  ( l ime l e v e l  0 cf. lime l ev e l  4) -  
soil  8  a t  t h e  f i r s t  a n d  s e c o n d  h a r v e s t s  a n d  soi l  3 a t  t h e  f ina l  h a r v e s t .
F o r  soil  8 , l ime l e v e l  4 h a d  b e e n  c o n s i d e r a b l y  o v e r l i m e d  a n d  i f Cu  a v a i l ­
a b i l i t i e s  a t  lime l e v e l  0 a r e  c o m p a r e d  t o  t h o s e  a t  lime l e v e l  3 ( T a b l e s  4 .16  
a n d  4 .17 )  t h e y  a r e  s e e n  to  d e c r e a s e ;  soi l  3 w a s  t h e  o n l y  soi l in  t h e  
s t u d y  w h ic h  cam e fr om  a  p r e v i o u s l y  i m p r o v e d  s i t e .
T h e  r a n g e  o f  A q u  v a l u e s  f o u n d  in  t h e  so i l s  w as  f rom  0 .2  to  6.7% 
a n d  t h e  c o r r e s p o n d i n g  r a n g e  o f  T q u  v a l u e s  w a s  0 .0 1  to  *0.43 mg Cu  k g - 1  
DM. All t h e  a v a i l a b l e  C u  c o n c e n t r a t i o n s  a t  l ime l e v e l s  3 a n d  4 w e re  
<0.10 mg C u  k g -1  DM; w h i c h  w o u ld  v e r y  p r o b a b l y  g i v e  r i s e  to  Cu  n u t r i t i o n  
p r o b l e m s  in  s h e e p ,  whi le  f o r  t h e  u n l i m e d  so i l s  ( e x c e p t  f o r  soil 3 a t  
t h e  f ina l  h a r v e s t ,  a n d  soil  8  -  s e e  a b o v e )  all  C u  c o n c e n t r a t i o n s  w ere  
>0.15  mg k g - 1  DM a n d  m o s t  w e r e  >0 .20 m g  k g - 1 , a  c o n c e n t r a t i o n  w h ic h  
w ou ld  almost  c e r t a i n l y  n o t  g i v e  r i s e  to  p r o b l e m s  o f  C u  n u t r i t i o n .  T h a t  
i s ,  w h e r e a s  t h e  u n l i m e d  so i l s  w o u ld  n o t  g i v e  r i s e  to  i n d u c e d  Cu d e f i c i e n c y  
in  s h e e p  t h e  sam e  soi l s  w h e n  l im ed  to  c .  pH 7 - 7 . 5  ( l ime l ev e l  4) will ,  
s i n c e  t h e r e  i s  a t  l e a s t  a  100% d i f f e r e n c e  b e t w e e n  t h e  h e r b a g e  Cu  a v a i l ­
a b i l i t i e s  -  in  o t h e r  s i t u a t i o n s ,  f o r  e x a m p l e ,  lime l e v e l  2  in  t h i s  e x p e r i m e n t ,  
t h e  d i s t i n c t i o n  is  n o t  so e a s y .  T h e  a p p l i c a t i o n  o f  lime a t  l eve l  2, r a i s i n g  
pH to  c .  5 . 0 ,  g a v e  ( o m i t t i n g  so i l s  2 a n d  8 ) C u  a v a i l a b i l i t i e s  r a n g i n g  
from 0 .07  to  0 .38  mg k g -1  DM a n d  w h i l s t  some o f  t h e  PRG p l a n t s  would
* E x c e p t i n g  p l a n t s  g r o w n  o n  u n l i m e d  soi l 2 a t  t h e  s e c o n d  h a r v e s t  w h ic h  
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h a v e  b e e n  c a p a b l e  o f  p r o v i d i n g  a d e q u a t e  Cu  f o r  s h e e p , o t h e r  p l a n t s  
w ou ld  n o t .
A l t h o u g h  so i l s  2 a n d  8  w e r e  a t  t h e  o p p o s i t e  e n d s  o f  t h e  sca le  
o f  r e s p o n s e  ( s e e  a b o v e ) ,  t h e y  b o t h  h a d  p a r t i c u l a r l y  low C u  a v a i l a b i l i t i e s  
( T c u s ) -  W h e r e a s  f o r  soi l 2 t h e  s i t u a t i o n  w as  c a u s e d  b e c a u s e  lime a d d i t i o n  
d r a m a t i c a l l y  i n c r e a s e d  h e r b a g e  Mo c o n t e n t s ,  f o r  soil  8  t h e  u n l im e d  soil  
n a t u r a l l y  h a d  a  v e r y  low C u  c o n t e n t  ( c .  0 .6  m g  C u  k g - 1  o v e n - d r y  soi l )  
a n d  h e n c e  low T q u  v a l u e s .
A t  t h e  f i r s t  h a r v e s t  o f  E x p e r i m e n t  2A i t  w a s  a l s o  o b s e r v e d  t h a t
l im ing  d e c r e a s e d  t h e  a v a i l a b i l i t y  o f  C u  t o  g r a z i n g  s h e e p  ( A c u  a n d  T c u )
b o t h  f rom PRG a n d ,  to  a n  a p p a r e n t l y  g r e a t e r  e x t e n t ,  f rom  WC ( T a b l e s
4 .1 8  a n d  4 . 1 9 ) .  A t  t h e  s e c o n d  h a r v e s t  of  t h i s  e x p e r i m e n t  i t  was n o t
p o s s i b l e  to  c a l c u l a t e  e n o u g h  A c u  v a l u e s  f o r  soi l  2  f o r  t h e  e f f e c t  of
l iming to  b e  d e t e r m i n e d .  B u t  in  so i l s  4 a n d  8  l im ing  a t  t h i s  h a r v e s t
a p p a r e n t l y  h a d  n o  e f f e c t  on  t h e  A ^ u  from PRG w h i l s t  d e c r e a s i n g  t h a t
of  WC g r o w n  in  soi l  8  a n d  i n c r e a s i n g  t h a t  o f  WC g r o w n  in  soil  4.  I f
T c u s  r a t h e r  t h a n  A c u s a r e  c o n s i d e r e d ,  d e c r e a s e s  w i th  l im ing  a p p a r e n t l y
o c c u r r e d  f o r  WC g r o w n  in  b o t h  soi l  4 a n d  soi l 8  a n d  f o r  PRG g r o w n
in  soil  4,  b u t  t h e r e  w as  n o  e f f e c t  f o r  PRG in  soil  8  ( a g a i n  n o  c o m p a r i s o n s
p r e d i c t e d
w e r e  p o s s i b l e  f o r  soi l  2 ) .  T h e r e f o r e  t h e  p r o b l e m  of  d e c r e a s i n g ^ C u  
a v a i l a b i l i t i e s  t o  g r a z i n g  s h e e p  f r o m  h e r b a g e  g r o w n  in  l im ed  soi ls  is  
c o n f i r m e d .
H o w e v e r ,  i f  t h e  T q u  v a l u e s  a r e  s t u d i e d  m ore  c l o s e l y  i t  i s  s e e n  
t h a t  soil  8  n e v e r  p r o d u c e d  h e r b a g e ,  o f  e i t h e r  s p e c i e s ,  c o n t a i n i n g  >0.08 
mg a v a i l a b l e  C u  k g - 1  DM -  a  l e v e l  w h ic h  would  c e r t a i n l y  p r o d u c e  a 
n e g a t i v e  C u  b a l a n c e  in  s h e e p .  S im i l a r l y ,  PRG g r o w n  in  soi l s  2 a n d  
4 would  h a v e  n o t  a d e q u a t e l y  s u p p l i e d  t h e  Cu  r e q u i r e m e n t s  o f  a g r a z i n g  
s h e e p  a n d  WC c o u l d  h a v e  o n ly  s a t i s f i e d  t h e  n e e d  a t  t h e  lo w e s t  lime l ev e l  
( b o t h  h a r v e s t s )  a n d  t h e  i n t e r m e d i a t e  l eve l  ( a t  t h e  s e c o n d  h a r v e s t ) .
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T a b l e  4 .1 8 :  % A v a i l a b i l i t y  o f  h e r b a g e  C u  ( A c u ) to  s h e e p  from PRG
a n d  WC g r o w n  in  so i l s  2, 4 a n d  8  a t  t h r e e  l e v e l s  of 
l ime a n d ,  f o r  P R G ,  tw o  m e t h o d s  o f  lime a p p l i c a t i o n  
( c a l c u l a t e d  from S u t t l e ,  1 983b) .
A va ilab il ity  of Cu  (% of  h e rb age  C u )
Soil H a r v e s t 1 WC PRG
2 A1 A2 A3 A 1 A2 A3 S I S2 S3
2 1  2 . 2







0 .7 0 .9
1 . 1
0 . 6 0 . 6
1 . 0
4 1 2 .3
2  1 . 6
1 . 8  1 . 1  













8 1 3 .8
2 4 .4
2 . 2  1 . 0  













s  . e . P a r t  A (Lime A ) : T 1  = 0 . 2 1 ,  
P a r t  B ( P R G ) :  T 1  = 0 . 2 1 ,




T a b l e  4 .19 A v a i l a b i l i t y  o f  h e r b a g e  C u  ( T ^ u ) ( m g  k g - 1  DM) to  s h e e p  
f ro m  PRG a n d  WC g r o w n  in so i l s  2, 4 a n d  8  a t  t h r e e  
l e v e l s  o f  lime a n d ,  f o r  P R G ,  tw o  m e t h o d s  of  lime a p p l i c a ­
t i o n  ( c a l c u l a t e d  a f t e r  S u t t l e ,  1 983b) .
A vailability  of Cu (mg k g 1 DM )
Soil H a r v e s t ’*' WC PRG
2a i A2 A3 A1 A2 A3 S 1 S2 S3
2 1 0 .1 9 0 .13 _ 0 . 13 0.07 0.06 0 . 07 0 .05 0 .06
2 0 .1 7 0 .18 - 0 . 09 0 .05 - 0 . 05 - 0 .0 8
4 1 0 .1 8 0.13 0 .08 0 . 1 2 0 . 1 0 0 .09 0 . 1 2 0.07 0 .0 9
2 0 . 2 2 0 . 2 1 0 .16 0 . 09 0.04 0 .07 0 . 15 0 . 1 0 0 . 1 0
8 1 0 .0 7 0 .05 0 .0 3 0 . 08 0 .06 0.04 0 . 06 0 .04 0 .0 3
2 0 .08 0 .08 0 .0 5 0 . 05 0 .05 0.05 0 . 06 0 .05 0 .0 5
s . e . P a r t




( P R G ) :
: T 1 = 0 . 0 1 3 ,  





x H a r v e s t  1 ,2 :  D a y s  40, 70
2 A1,  A2 ,  A3:  Lime a p p l i e d  t h r o u g h o u t  t h e  soi l a t  l e v e l s  1, 2 a n d  3
S I ,  S2 ,  S3: Lime a p p l i e d  to  s u r f a c e  ( t o p  30%) of  soi l a t  l e v e l s  1, 2
a n d  3.
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T h e  m e t h o d  b y  w h ic h  l ime w a s  a p p l i e d  to  t h e  soi l ( E x p e r i m e n t  
2B -  T a b l e s  4 .18  a n d  4 .1 9 )  d i d  seem  to  a f f e c t  t h e  a v a i l a b i l i t i e s  of Cu 
to  s h e e p  b u t  d i d  n o t  a l t e r  t h e  g e n e r a l  p a t t e r n  o f  d e c r e a s i n g  a v a i l a b i l i t y  
w i th  lime a p p l i c a t i o n .  I n  soi l  2 w h e r e  lime w as  a p p l i e d  t o  t h e  s u r f a c e  
l a y e r  o f  so i l ,  h e r b a g e  A q u  v a l u e s  w e r e  l o w e r  t h a n  w h e r e  lime was a p p l i e d  
t h r o u g h o u t  t h e  so i l ,  b u t  f o r  so i l s  4 a n d  8  s u r f a c e  a p p l i e d  lime i n c r e a s e d  
t h e  A c u  v a l u e s .  I f  T q u  v a l u e s  w e r e  c o n s i d e r e d  ( t o g e t h e r  wi th  pH 
d i f f e r e n c e s  -  s ee  p a g e  109) ,  t h e  v a l u e s  w e r e  l e s s  a f f e c t e d  b y  t h e  m e t h o d  
o f  lime a p p l i c a t i o n  a n d  t h o s e  w h i c h  w e r e  a f f e c t e d  d i d  n o t  g ive  a  c o n s i s t e n t  
p a t t e r n  of  r e s p o n s e .  Al l t h e  T q u  v a l u e s  c a l c u l a t e d  f o r  PRG w e r e  <0 .15 
mg a v a i l a b l e  C u  k g - 1  DM ( m o s t  <0 .10 mg k g - 1  DM) r e g a r d l e s s  of lime 
a p p l i c a t i o n  m e t h o d  a n d  w o u ld  h a v e  l e d  to  n e g a t i v e  C u  b a l a n c e s  in  g r a z i n g  
s h e e p .
( c )  Fertilization  
Lime x  p h o sp h o ru s
No v a l u e s  f o r  t h e  a v a i l a b i l i t y  o f  C u  to  g r a z i n g  s h e e p  a r e  p r e s e n t e d  
f o r  E x p e r i m e n t  3,  w h e r e  N f e r t i l i z a t i o n  w as  s t u d i e d ,  o r  E x p e r i m e n t  5, 
w h e r e  C u  f e r t i l i z a t i o n  was  s t u d i e d .  T h i s  is  b e c a u s e  f o r  t h e  f o r m e r  
e x p e r i m e n t  t h e r e  was n o  e f f e c t  o f  N a d d i t i o n  on  C u  a v a i l a b i l i t i e s ,  a n d  
f o r  t h e  l a t t e r  v i r t u a l l y  n o  v a l u e s  w e r e  c a l c u l a b l e  b e c a u s e  of  h i g h  h e r b a g e  
Mo a n d / o r  S c o n c e n t r a t i o n s .  T h e  e f f e c t  o f  P f e r t i l i z a t i o n  was i n v e s t i g a t e d  
in  E x p e r i m e n t  4 a n d ,  w i th  t h e  e x c e p t i o n  o f  soi l 2 a t  l ime l eve l  2, A q u 
a n d  T c u  v a l u e s  c o u l d  b e  c a l c u l a t e d  f o r  m os t  t r e a t m e n t s  -  T a b l e s  4 .20  
a n d  4 .2 1 .
T h e r e  a p p e a r e d  to  b e  n o  e f f e c t  o f  P a d d i t i o n  to  soi l 2 a t  lime 
l eve l  1 on h e r b a g e  A c u  v a l u e s  o r  g e n e r a l l y  on T q u  v a l u e s ,  a l t h o u g h  
t h e  P i n c r e m e n t  48 to  96 k g  P h a - 1  d i d  i n c r e a s e  t h e  a v a i l a b i l i t y  of  Cu
263.
Table 4.20: % Availabil ity of herbage Cu ( A q u) for PRG and WC grown in soils 2 and 8 at
two lime levels and three P-levels (calculated from Suttle, 1983b).
A v a ila b il it y  o f  C u  (% h e rb a g e ]
Soil Limelevel 1 P I  
2 T 1 T2
WC
P2 P3 
T 1 T2 T 1 T2
P I  





T 1 T 2
2 1
2








1.0 1.2 1.7 2.8 







s . e . : T 1 = 0.344, T2 = 0.175
Table 4.21: Availability o f  herbage Cu ( T ^ u ) (mg kg 1 DM) for PRG and WC grown in soil 
2 and 8 at two lime levels and three P-levels (calculated after Suttle, 1983b).
A v a ila b il it y  o f  C u  (m g k g  1 D M )






T 1 T 2 T 1 T2

















0.02 0.02 0.03 0.06 







s .e . :  T 1 = 0.0071, T2 = 0.0087
1P1, P2, P3 = phosphorus levels 1, 2 and 3 equivalent to 24, 48 and 96 kg  P ha-1 .
2T1, T2 = f irst and second harvests - days 36 and 52.
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f rom WC ( n o  c o m p a r i s o n s  w e r e  p o s s i b l e  a t  lime l e v e l  2 ) .  P a p p l i c a t i o n  to  
soil  8 d id  n o t  a l t e r  t h e  A q u  o r  T c u  v a l u e s  f o r  PRG g r o w n  a t  lime l ev e l  1 
b u t  i n c r e a s e d  t h e m  a t  l ime l e v e l  2 ( P - l e v e l  1 cf. P - l e v e l  3 ) .  A l t h o u g h  
f o r  WC g r o w n  a t  l ime l e v e l  1 in  soi l  8  t h e r e  w as  n o  e f f e c t  o f  P a d d i t i o n  
on i t s  A q u  a t  t h e  f i r s t  h a r v e s t  i t s  T q u  d e c r e a s e d ,  a n d  a t  t h e  s e c o n d  
h a r v e s t  b o t h  A q u  a n d  T q u  v a l u e s  w e r e  i n c r e a s e d .  F o r  WC g r o w n  a t  
lime l ev e l  2 in  soi l  8  i t  w as  n o t  p o s s i b l e  to  a s c e r t a i n  t h e  e f f e c t  o f  P - a d d i t i o n , 
b u t  a t  t h e  s e c o n d  h a r v e s t  P - a d d i t i o n  d i d  n o t  a f f e c t  A c u  o r  T q u  v a l u e s .  
T h e r e f o r e ,  t h e  g e n e r a l  e f f e c t  o f  P - f e r t i l i z a t i o n  on h e r b a g e  Cu  a v a i l a b i l i t i e s  
s eem s  to  h a v e  b e e n  i n c o n s i s t e n t  v a r y i n g  w i th  so i l ,  l im e - l e v e l  a n d  s p e c i e s  
g r o w n ;  b u t  n o n e  o f  t h e  p l a n t s  g r o w n  in  e i t h e r  soil  c o u l d  h a v e  s u p p l i e d  
e n o u g h  C u  t o  p r e v e n t  a  n e g a t i v e  C u  b a l a n c e  a r i s i n g  in  g r a z i n g  s h e e p .
( d )  "D r a in a g e ”/soil water sta tu s
I t  i s  b e l i e v e d  t h a t  p o o r  d r a i n a g e  a n d  w a t e r l o g g i n g  r e d u c e s  t h e  
a v a i l a b i l i t y  o f  h e r b a g e  C u  to  s h e e p  ( e . g .  S A C / S A R I ,  1982) .  B u t  i t  
c a n  b e  s e e n  f r o m  T a b l e s  4 .2 2  a n d  4 .2 3  t h a t  t h e  A ^ u  a n d  T ^ u  v a l u e s  
f o r  h e r b a g e  g r o w i n g  in  so i l s  m a i n t a i n e d  a t  100% FC w e r e  h i g h e r  t h a n  
t h o s e  g r o w n  in  so i l s  a t  60% FC . A l s o ,  t h e  A ^ u  a n d  T q u  v a l u e s  w e r e  
h i g h e r  f o r  p l a n t s  w h ic h  h a d  b e e n  g r o w n  in  soi ls  t h a t  h a d  b e e n  i n c u b a t e d  
moist  o r  w a t e r l o g g e d  t h a n  f o r  so i l s  w h ic h  h a d  b e e n  s t o r e d  d r y ;  b a s i c a l l y  
b e c a u s e  t h e  i n c u b a t e d  so i l s  s u p p o r t e d  h e r b a g e  c o n t a i n i n g  l e s s  Mo t h a n  
t h e  d r y  p r e - t r e a t e d  soi l ( C h a p t e r  I I I ,  S e c t io n  2 . 6 ) .
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T a b l e  4 . 2 2 :  % A v a i l a b i l i t y  o f  h e r b a g e  C u  ( A ^ u ) f o r  PRG g r o w n  in  soi ls
2 a n d  8  f o r  36 d a y s  a t  60% o r  100% FC a f t e r  t h e  soi l s  h a d  
b e e n  s t o r e d  d r y ,  m o is t  o r  w a t e r l o g g e d  f o r  t h r e e  m o n t h s  
( c a l c u l a t e d  f rom S u t t l e ,  198 3b) .
W a t e r i n g A vaUdbility  o f  Cu  ( % h e rb a ge  C u )
Soil r e g i m e
+ D r y(% F C ) Moist W a t e r l o g g e d
2 60 0 .7 2 1 . 2 0 1.19
1 0 0 0 .9 1 1.53 1.50
8 60 2 .8 4 2 . 8 8 2 .7 1
1 0 0 3 .48 4.01 5.03
s . e . : 0 .144
+Soil p r e - t r e a t m e n t
T a b l e  4 .2 3 :  A v a i l a b i l i t y  o f  h e r b a g e  C u  ( T c u )  (mg' k g - 1  DM) f o r  PRG
g r o w n  in soi ls  2 a n d  8  f o r  36 d a y s  a t  60% o r  100% FC a f t e r  
t h e  so i l s  h a d  b e e n  s t o r e d  d r y ,  m o is t  o r  w a t e r l o g g e d  f o r  
t h r e e  m o n t h s  ( c a l c u l a t e d  a f t e r  S u t t l e ,  1 9 8 3 b ) .
W a t e r i n g A vailab ility  of Cu (mg k g ' 1 DM,) ■
Soil r e g i m e
+ D r y(% F C ) Moist W a t e r l o g g e d
2 60 0 .0 7 2 0.105 0 .1 4 1
1 0 0 0 .0 5 7 0.105 0 .163
8 60 0 .0 4 9 0.054 0 .0 9 1
1 0 0 0 .0 5 9 0 .067 0 .130
s . e . : 0 .0088
f  Soil p r e - t r e a t m e n t
266.
8 . CONCLUDING D IS C U S S IO N  AND SUGG ESTIO N S F O R  FUTURE WORK 
T h e  b a s i c  o b j e c t i v e s  o f  t h i s  t h e s i s ,  g i v e n  in C h a p t e r  I ,  Sec t ion  5, 
w e r e :  to  i n c r e a s e  t h e  b o d y  o f  k n o w l e d g e  t h a t  e x i s t s  a b o u t  t h e  soi l -
p l a n t  r e l a t i o n s h i p s  o f  C u ,  Mo a n d  S w i th  p a r t i c u l a r  r e f e r e n c e  to  " t h e  
e f f e c t  t h a t  t h e  v a r i o u s  p r o c e s s e s  u n d e r t a k e n  d u r i n g  hi l l  i m p r o v e m e n t "  
h a v e ,  a n d  to  p r o v i d e  i n f o r m a t i o n  t h a t  m i g h t  p o s s i b l y  h e l p  t o w a r d s  p r o v i d ­
i n g  "a  b a s i s  f o r  s e l e c t i n g  h i l l  s i t e s  f o r  i m p r o v e m e n t ,  a n d  im p r o v e m e n t  
t e c h n i q u e s  l e a s t  l i k e l y  t o  g iv e  r i s e  to  i n d u c e d  C u  d e f i c i e n c y  in s h e e p " .
In  C h a p t e r  I ,  a  t a b l e  ( T a b l e  1 .6 )  w a s  p r e s e n t e d  w h ic h  s u m m a r i z e d  
" th e  r e p o r t e d  i n f l u e n c e s  o f  v a r i o u s  f a c t o r s  u p o n  t h e  a v a i l a b i l i t y  of  c o p p e r ,  
m o ly b d e n u m  a n d  s u l p h u r  to  p l a n t s " .  F rom  t h e  r e s u l t s  p r e s e n t e d  in  
t h i s  t h e s i s  i t  i s  p o s s i b l e  to  p r o d u c e  a s im i la r  t a b l e  ( 4 . 2 4 )  fo r  c o m p a r i s o n  
( T a b l e  1 .6  is  p r e s e n t e d  a g a i n  f o r  r e f e r e n c e ) .
T a b le  1 .6 :  S u m m a r y  t a b l e  o f  t h e  r e p o r t e d  i n f l u e n c e s  o f  v a r i o u s  f a c t o r s
u p o n  t h e  a v a i l a b i l i t y  o f  c o p p e r ,  m o l y b d e n u m  a n d  s u l p h u r  
to  p l a n t s .
F a c t o r C u
E le m e n t
Mo S
pH 4- 4 4 4
OM 4 ? 4
P oor  d r a i n a g e 4- t t 4?
S e a so n / / /
O t h e r  n u t r i e n t s : N 4 4 4? 4
P 4 ( f ) t 4
K 4? 4? 4?
o t h e r s / / /
M ic ro o rg a n i s m s M y c o r r h i z a R h i z o s p h e r e M ine ra l iza t ion
t  -  i n c r e a s e  
1  -  d e c r e a s e
4 4  -  i n c r e a s e s  a n d  d e c r e a s e s  r e p o r t e d  
? -  l i t e r a t u r e  is  i n c o n c l u s i v e
/  -  a n  i n t e r a c t i o n  o c c u r s
NB T h i s  t a b l e  is  a g e n e r a l i z a t i o n ,  s p e c i f i c  i n t e r a c t i o n s  will d e p e n d  on  
soil t y p e ,  i n i t i a l  soil  n u t r i e n t  s t a t u s ,  p l a n t  s p e c i e s ,  p l a n t .
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T a b l e  4 .2 4 :  S u m m a r y  t a b l e  o f  t h e  o b s e r v e d  e f f e c t s  ( g e n e r a l i z e d )  of
v a r i o u s  f a c t o r s  u p o n  e x t r a c t a b l e  soi l C u ,  Mo a n d  SOi*2 - -S  
a n d  h e r b a g e  C u ,  Mo a n d  S c o n c e n t r a t i o n s .
Element
r ciu l u x
S oil
C u
P l a n t
Mo
S o i l  P l a n t S o i l
S
P l a n t
A ( J u '
T C u
pH 4 4 4 4 4 4
D r a i n a g e 1+ CDII-> - 1CDII04 4 - -
2 4 4 Í 2 ,= 8  4 4 4 4 i 4
3 = = = = 4 4 4
N - = 4 - 4 9
P CD->04II ( 4 ) ( 4 ) = 4 4 4
C u 4 4 = = = = 4?
S p e c i e s - W O P R G W O P R G - W O P R G 4 4 
W O P R G  
W O P R G
^ 1  e f f e c t  o f  w a t e r l o g g i n g  t h e  s o i l .
2  e f f e c t  o f  p r e v i o u s l y  w a t e r l o g g e d  soi l  c o m p a r e d  t o  soil p r e v i o u s l y  
s t o r e d  d r y  o r  moist .
3 e f f e c t  o f  m a i n t a i n i n g  soi l  a t  100% FC t h r o u g h o u t  p l a n t  g r o w t h  
c o m p a r e d  to  60% F C .
4 i n c r e a s e  
4- d e c r e a s e  
= n o  e f f e c t
44 i n c r e a s e s  a n d  d e c r e a s e s
n o  c o m p a r i s o n  p o s s i b l e  -  d a t a  n o t  c o l l e c t e d  
? i n s u f f i c i e n t  d a t a  to  a llow a  c o m p a r i s o n  
2 ,e soi l 2 , soi l  8  
( ) smal l e f f e c t
I f  T a b l e s  1 .6  a n d  4 .2 4  a r e  c o m p a r e d ,  i t  c a n  b e  s e e n  b o t h  t h a t  
some of  t h e  ' g a p s '  in t h e  f o r m e r  h a v e  b e e n  f i l l e d ,  e . g .  t h e  e f f e c t  of  N 
f e r t i l i z a t i o n  on  p l a n t  Mo c o n c e n t r a t i o n s  a n d  a l so  t h a t  some of  t h e  o b s e r v a ­
t i o n s  c o n f l i c t  w i th  p r e v i o u s l y  p u b l i s h e d  w o r k ,  e . g .  t h e  e f f e c t  o f  d r a i n a g e
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on Mo c o n c e n t r a t i o n s  f o r  soil  8 , a n d  t h e  e f f e c t  o f  P f e r t i l i z a t i o n  on soil  
a n d  h e r b a g e  Mo a n d  S c o n c e n t r a t i o n s .  T h e  f i r s t  o b j e c t i v e  g i v e n  a b o v e  
h a s ,  t h e r e f o r e ,  b e e n  f u l f i l l e d .
T h e  u s e  o f  S u t t l e ' s  ( 1983b)  e q u a t i o n  to  i n t e g r a t e  t h e  d a t a  c o l l e c t e d  
f o r  h e r b a g e  C u ,  Mo a n d  S c o n c e n t r a t i o n s  h a s  a l r e a d y  b e e n  d i s c u s s e d  
t o g e t h e r  w i th  t h e  r e s t r i c t i o n s  to  i t s  u s e  ( p a g e  2 5 3 ) .  N e v e r t h e l e s s ,  
c a l c u l a t e d  A £ u  a n d  T c u  v a l u e s  a r e  t h e  o n ly  o b j e c t i v e  m e a n s  a v a i l a b le  
to  a s s e s s  t h e  im p a c t  t h a t  t h e  v a r i o u s  soil  t r e a t m e n t s  i n v e s t i g a t e d  would  
h a v e  on t h e  C u  b a l a n c e  o f  a  s h e e p  g r a z i n g  h e r b a g e  g r o w i n g  in  t h e  soi l;  
a n d  h e n c e  t h e  o n l y  m e a n s  a v a i l a b l e  t o  t a k e  s t e p s  t o w a r d s  f u l f i l l i n g  t h e  
s e c o n d  o b j e c t i v e ,  g i v e n  a b o v e .
When t h e  A c u  a n d  T q u  v a l u e s  w e r e  c a l c u l a t e d  ( s e e  S ec t io n  7 of  
t h i s  c h a p t e r )  i t  w a s  f o u n d  t h a t  in  t h e  m a j o r i t y  o f  c a s e s  -  80% -  t h e  h e r b a g e  
wou ld  h a v e  s u p p l i e d  <0.15 mg a v a i l a b l e  C u  k g - 1  DM t h e  t h r e s h o l d  v a l u e  
s u g g e s t e d  on  p a g e  255 f o r  t h e  d e v e l o p m e n t  o f  n e g a t i v e  C u  b a l a n c e s  
in g r a z i n g  B l a c k f a c e  s h e e p .  T h e  f i g u r e  of  80% is  m a d e  u p  of :  60% of
t h e  h e r b a g e  s a m p l e s  g r o w n  w h i c h  h a d  T q u  v a l u e s  <0 .1 5  m g  C u  k g - 1  DM 
a n d  2 0 % of t h e  s a m p l e s  f o r  w h i c h  i t  w as  n o t  p o s s i b l e  t o  a p p l y  t h e  e q u a t i o n  
b e c a u s e  t h e  h e r b a g e  Mo a n d / o r  S c o n c e n t r a t i o n  w a s  too  h i g h  a n d  h e n c e ,  
b y  im p l i c a t i o n ,  h e r b a g e  C u  a v a i l a b i l i t y  would  h a v e  b e e n  low.  T h e  c .  20% 
of  c a s e s  in  w h i c h  t h e  p l a n t s  w o u ld  h a v e  s u p p l i e d  >0 .15  m g  a v a i l a b le  Cu  
k g - 1  DM n e a r l y  a l l  came from E x p e r i m e n t  1A a t  l ime l e v e l s  0 a n d  2 -  i . e .  
t h e  n a t u r a l  u n a m e l i o r a t e d  so i l s  o r  w h e n  t h e  soi l w a s  l im ed  to  c .  pH 5 . 5 .
I t  t h u s  a p p e a r s  t h a t  all  o f  t h e  i m p r o v e m e n t  p r a c t i c e s  i n v e s t i g a t e d  r e d u c e d  
t h e  a v a i l a b i l i t y  o f  h e r b a g e  C u  to  g r a z i n g  s h e e p ;  h o w e v e r ,  i t  h a s  b e e n  
o b s e r v e d  t h a t  A q u a n d  T ^ u  v a l u e s  f o r  h e r b a g e  g r o w i n g  in  a g iv e n  soil  
in a p o t  e x p e r i m e n t  a r e  l o w e r  t h a n  t h o s e  f o r  h e r b a g e  g r o w i n g  in  t h e  
same soil  in  t h e  f i e ld  u n d e r  s im i la r  c o n d i t i o n s  ( C . C .  E v a n s ,  p e r s .  c o m m . ) .
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It  i s  r e l e v a n t  t o  d i s c u s s  h e r e  t h e  ' p e c u l i a r i t i e s '  o f  p o t  e x p e r i ­
m e n t s  a n d  w h y  t h e y  a r e  u s e d ;  a s  t h i s  is  r e l e v a n t  n o t  o n l y  to  t h e  C u  
a v a i l a b i l i t y  i n d i c e s  b u t  a l so  to  all  t h e  m e a s u r e m e n t s  m a d e  in  t h e  s ix  
e x p e r i m e n t s .
Po t  e x p e r i m e n t s  a r e  f r e q u e n t l y  u s e d  i n s t e a d  o f  f i e ld  e x p e r i m e n t s  
a s  t h e y  a r e  a r e l a t i v e l y  c h e a p  a n d  e a s y  w a y  to  i n v e s t i g a t e  t h e  r e l a t i v e  
e f f e c t s  of  m a n y  d i f f e r e n t  t r e a t m e n t s  on  soi l a n d  h e r b a g e  n u t r i e n t  l e v e l s ;  
b u t  a n y  c o n c l u s i o n s  w h ic h  a r e  d r a w n  fr om  th em  r e q u i r e  c o n f i r m a t i o n  
fro m f i e ld  t r i a l s .
T h e  r e m o v a l  o f  a  soil  f ro m  t h e  f i e ld  f o r  u s e  in a  p o t  e x p e r i m e n t  
im m ed ia te ly  a l t e r s  t h e  soi l -  i t s  n a t u r a l  s t r u c t u r e  a n d  d r a i n a g e  s t a t u s  
a r e  l o s t .  T h e  soi l  i s  t h e n  t r a n s p o r t e d  to  a  l a b o r a t o r y  w h e r e  i t  u n d e r g o e s  
f u r t h e r  c h a n g e s  -  s t o n e s  a r e  s i e v e d  o u t  a n d  t h e  n a t u r a l  p e d  s t r u c t u r e  
d i s r u p t e d  f u r t h e r ,  t h e  soi l i s  m i x e d  to  fo rm  a h o m o g e n o u s  medium so 
a n y  OM p r e s e n t  a t  t h e  s u r f a c e  i s  d i s t r i b u t e d  t h r o u g h o u t  t h e  soi l;  a n d  
t h e  soi l m ay  t h e n  b e  d r i e d  w h i c h  c o n s i d e r a b l y  a l t e r s  t h e  soi l  f l o r a  a n d  
f a u n a ,  k i l l i n g  t h e m  o r  c a u s i n g  t h e m  t o  e n t e r  a  s t a t e  o f  d o r m a n c y .
N e x t  ( m a y b e  a f t e r  b e i n g  s t o r e d  d r y  f o r  s e v e r a l  m o n t h s )  t h e  soil  
i s  m ix ed  i n t i m a t e l y  w i th  f e r t i l i z e r s  a n d  o t h e r  a m e n d m e n t s  a n d  is  p a c k e d  
i n t o  a  p o t  -  w h ic h  p r o v i d e s  o n l y  a  r e s t r i c t e d  vo lum e a n d  d e p t h  f o r  p l a n t  
r o o t  d e v e l o p m e n t .  T h e  soil  i s  t h e n  r e w e t t e d  t h u s  b r i n g i n g  a b o u t  a  b u r s t  
of  m ic rob ia l  a c t i v i t y  a n d  n u t r i e n t  r e l e a s e  ( t h e  ' B i r c h '  e f f e c t  -  see  p a g e  
2 1 ) ,  a n d  t h e  p o t s  a r e  p l a c e d  in  a  g l a s s h o u s e  ( o r  g r o w t h  room )  w h e r e  
t e m p e r a t u r e  a n d  d a y - l e n g t h  a r e  a r t i f i c i a l l y  c o n t r o l l e d .  T h e  soi l t e m ­
p e r a t u r e  is  t h u s  p r o b a b l y  h i g h e r  t h a n  i t  wou ld  b e  in  t h e  f ie ld  a n d  d a y -  
l e n g t h  p o s s i b l y  l o n g e r  ( a l t h o u g h  t h e  q u a l i t y  of  t h e  l i g h t  will b e  p o o r e r ) ;  
so  w h e n  t h e  s o w n  s e e d s  g e r m i n a t e  ( w i t h  a  h i g h e r  p e r c e n t a g e  g e r m i n a t i o n  
t h a n  would  b e  o b t a i n e d  in  t h e  f i e ld )  n o t  o n ly  a r e  t h e  p l a n t s  in  a n  id e a l
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e n v i r o n m e n t  -  w a r m ,  l i g h t ,  w e l l - s u p p l i e d  w i th  n u t r i e n t s  a n d  w a t e r  
( a l t h o u g h  e v a p o r a t i o n  may l e a d  to  c o n c e n t r a t i o n  o f  t h e  n u t r i e n t s  a t  t h e  
soil  s u r f a c e )  -  b u t  a l so  t h e y  d o  n o t  f a c e  c o m p e t i t i o n  f ro m  o t h e r  s p e c i e s .
T h e  f a c t o r  w h ic h  a p p e a r e d  t o  e x e r t  t h e  s t r o n g e s t  i n f l u e n c e s  o v e r  
t h e  r e l a t i v e  C u ,  Mo a n d  S c o n c e n t r a t i o n s  o f  t h e  so i l s  a n d  o f  t h e  p l a n t s  
g r o w i n g  in  t h e  s o i l s ,  a n d  w h i c h  m o d i f i e d  t h e  e f f e c t  o f  t h e  a p p l i e d  t r e a t ­
m e n t  is  t h e  o n e  f a c t o r  w h ic h  c a n n o t  b e  a l t e r e d  i f  i t  i s d e c i d e d  to  i m p r o v e  -  
t h e  soil type.  See  T a b l e  4 .24  f o r  e x a m p l e s  o f  t h e  d i f f e r e n t  b e h a v i o u r  
o f  so i l s  2 a n d  8 . A s  soil  t y p e  d i d  p l a y  s u c h  a p r e d o m i n a n t  ro le  i t  w as  
t h e r e f o r e  f o r t u n a t e  t h a t  so i l s  2  a n d  8 , t h e  two so i l s  u s e d  in  all s ix  e x p e r i ­
m e n t s ,  w e r e  so  d i f f e r e n t ,  w i th  c o n t r a s t e d  r e a c t i o n s  t o  m a n y  o f  t h e  
t r e a t m e n t s .  T h i s  w a s  o p p o r t u n e  s i n c e  t h e  r e s u l t s  o f  t h e  soil  a n d  p l a n t  
a n a l y s e s  w e r e  n o t  o b t a i n e d  u n t i l  a f t e r  t h e  p r o g r a m m e  o f  e x p e r i m e n t a l  
w o r k  h a d  b e e n  c o m p l e t e d .  P a r t i c u l a r  p r o b l e m s  w e r e  e n c o u n t e r e d  w i th  
a n a l y s i s  f o r  soi l a n d  h e r b a g e  Mo b e c a u s e  o f  t h e  d i f f i c u l t y  o f  m e a s u r i n g  
t h i s  e l e m e n t  t o g e t h e r  w i t h ,  f o r  t h e  h e r b a g e ,  t h e  smal l  s i ze  of  t h e  s a m p l e s .
I f  t h e  tw o  soi ls  w h ic h  w e r e  c h o s e n  f o r  u s e  in  a l l  t h e  e x p e r i m e n t s  
h a d  r e a c t e d  s im i l a r ly  to  t h e  a p p l i e d  t r e a t m e n t s ,  a l t h o u g h  i n t e r p r e t a t i o n  
o f  t h e  e x p e r i m e n t a l  r e s u l t s  m i g h t  h a v e  b e e n  m o re  s t r a i g h t f o r w a r d ,  
t h i s  w ou ld  h a v e  o b s c u r e d  t h e  g r e a t  i n f l u e n c e  t h a t  soi l  t y p e  d o e s  h a v e  on 
t h e  s o i l - p l a n t  r e l a t i o n s h i p s  o f  C u ,  Mo a n d  S a n d  w o u ld  p o s s i b l y  h a v e  
im p l i ed  t h a t  t h e  s u b j e c t  is  m ore  e a s i l y  u n d e r s t o o d  t h a n  is  t h e  c a s e .
T h e  p r o c e s s e s  u n d e r t a k e n  d u r i n g  hi l l  l a n d  i m p r o v e m e n t  w ere  
r e v i e w e d  on  p a g e s  18 a n d  19. O n c e  i t  h a s  b e e n  d e c i d e d  to  im p r o v e  
a s i t e  a m o n g  t h e  f i r s t  o p e r a t i o n s  to  b e  p e r f o r m e d  is  s i t e  c l e a r a n c e .  S i t e s  
c a n  b e  c l e a r e d  in  o n e  of  s e v e r a l  w a y s  ( s e e  p a g e  18) a n d  t h e  m e th o d  
c h o s e n  may i t s e l f  a f f e c t  t h e  s u b s e q u e n t  s o i l - p l a n t  r e l a t i o n s h i p s  o f  C u ,
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Mo a n d  S .  F o r  e x a m p l e ,  i f  h e r b i c i d e s  a r e  u s e d  t o  ki l l  t h e  e x i s t i n g  v e g e t a ­
t io n  w h a t  e f f e c t  do  t h e y  h a v e ?  Do t h e y  i n c r e a s e  o r  d e c r e a s e  o r  n o t  
a l t e r  t h e  r e l a t i v e  a v a i l a b i l i t i e s  o f  C u ,  Mo a n d  S t o  t h e  p l a n t  s p e c i e s  t h a t  
will b e  s o w n ?  A n d  i f  t h e y  do  a f f e c t  t h e  r e l a t i v e  a v a i l a b i l i t y  o f  C u ,  Mo 
a n d  S ,  how do  t h e y  m e d i a t e  t h e  e f f e c t ?  A n d  i s  t h e r e  a  t y p e  o f  h e r b i c i d e  
t h a t  is  l e s s  l i k e ly  t o ,  o r  m ore  l i k e l y  t o ,  e x a c e r b a t e  t h e  p r o b l e m  of  i n d u c e d  
C u  d e f i c i e n c y  in  l i v e s t o c k  s u b s e q u e n t l y  g r a z i n g  t h e  s i t e ?  I f  t h e  s i t e  
i s  c l e a r e d  b y  p l o u g h i n g  w h a t  i s  t h e  e f f e c t  o f  t h e  i n c o r p o r a t i o n  of  t h e  
OM in t o  t h e  soi l?  A l s o ,  w h a t  i s  t h e  i n t e r a c t i o n  b e t w e e n  OM a n d  p o o r  
d r a i n a g e ?  OM is  k n o w n  to  s t r o n g l y  i n f l u e n c e  t h e  b e h a v i o u r  in t h e  soil  
o f  all t h r e e  e l e m e n t s  o f  i n t e r e s t  ( s e e  p a g e s  19 -  2 2 ) ,  b u t  i t  was  n o t  p o s ­
s i b le  in  t h e  t ime a v a i l a b l e  t o  s t u d y  i t s  e f f e c t  ( q u a n t i t y  a n d  n a t u r e ) . . i n  
t h i s  p r o j e c t .
A f t e r  t h e  s i t e  h a s  b e e n  c l e a r e d  lime a n d  f e r t i l i z e r s  a r e  a p p l i e d ;  
d o e s  t h e  m e t h o d  o f  a p p l i c a t i o n  m a t t e r ?  F o r  e x a m p l e ,  in  E x p e r i m e n t  2B 
lime w as  a p p l i e d  e i t h e r  to  a ll  t h e  soi l  in  t h e  p l a n t  p o t  o r  to  j u s t  t h e  to p  
30% a n d  d i f f e r e n c e s  w e r e  n o t e d  o n l y  r e a l l y  f o r  h e r b a g e  Mo c o n c e n t r a t i o n s  
( F i g u r e  3 . 2 3 ) ,  b u t  w h a t  is  t h e  e f f e c t  in  t h e  f ie ld  o f  a  t r u e  s u r f a c e  d r e s ­
s i n g  o f  lime ( s c a t t e r e d  on  t h e  soi l  s u r f a c e )  a s  o p p o s e d  t o  lime i n c o r p o r ­
a t e d  i n t o  t h e  soi l? I f  t h e  lime is  a p p l i e d  a s  a s p l i t  d r e s s i n g  ( a  common 
p r a c t i c e )  r a t h e r  t h a n  a s  a s i n g l e  d r e s s i n g  ( b y  e i t h e r  m e t h o d )  w h a t  e f f e c t  
d o e s  t h i s  h a v e ,  d o e s  i t  m o d i fy  t h e  soi l  a n d  p l a n t  r e s p o n s e s  to  l iming?
A ls o ,  d o e s  t h e  fo rm o f  f e r t i l i z e r  m a t t e r ?  I n  E x p e r i m e n t  3, d i f f e r e n t  
f o r m s  of  N p r o d u c e d  l i t t l e  d i f f e r e n c e  in  p l a n t  r e s p o n s e  in  t h e  two  soi ls  
s t u d i e d ,  b u t  w h a t  a b o u t  in  o t h e r  so i l s?  O r  f o r  t h e  o t h e r  major  n u t r i e n t s ?  
I f  Cu  f e r t i l i z e r  is  a p p l i e d ,  is  t h e  fo rm of  C u  a d d e d  i m p o r t a n t ?
I t  w as  o n ly  p o s s i b l e  to  s t u d y  PRG a n d  WC in t h e  e x p e r i m e n t s  
u n d e r t a k e n  in  t h i s  t h e s i s ,  b u t  w h a t  a r e  t h e  r e l a t i v e  C u ,  Mo a n d  S c o n t e n t s
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of  t h e  i n d i g e n o u s  h i l l  s p e c i e s ?  F o r  e x a m p l e ,  i f  a s p e c i e s ,  e . g .  a  h e r b ,  
o r  a v a r i e t y  o f  PRG o r  WC w e r e  f o u n d  t h a t  h a d  h i g h  C u  a v a i l a b i l i t i e s  
w h e t h e r  b e c a u s e  o f  a h i g h  C u  c o n c e n t r a t i o n  ( s e e  J o n e s  a n d  M o se ley ,  
1984) ,  o r  low Mo a n d  S c o n c e n t r a t i o n ,  w ou ld  i t  b e  p o s s i b l e  to  i n c o r p o r a t e  
t h e  s p e c i e s  o r  v a r i e t y  i n t o  t h e  r e s e e d e d  p a s t u r e ,  e i t h e r  a s  a c o n s t i t u e n t  
o f  t h e  s e e d  m i x t u r e  so w n  o r  a s  d i s c r e t e  'm osa ic '  p a t c h e s ?
O n c e  t h e  h i l l  h a s  b e e n  i m p r o v e d  how  does t h e  p r e s e n c e  o f  t h e  
animals  a f f e c t  t h e  a v a i l a b i l i t y  o f  C u  to  t h e m s e l v e s  f rom t h e  p a s t u r e ?
F o r  e x a m p l e ,  i f  p l a n t s  w i th  h i g h  C u  a v a i l a b i l i t i e s  w e re  s u p p l i e d  on a  
mosaic w h a t  w o u ld  b e  t h e  g r a z i n g  p a t t e r n  -  w o u ld  s u c h  p l a n t s  b e  s e l e c t e d  
f o r ,  o r  a g a i n s t ?  Would t h e  b e n e f i t  d e r i v e d  from an im a l s  n o t  d e v e l o p i n g  
n e g a t i v e  C u  b a l a n c e s  o u t w e i g h  t h e  l o s s  o f  p r o d u c t i o n  t h a t  m i g h t  o c c u r  
b e c a u s e  of  t h e  p o o r e r  q u a l i t y  o f  t h e  'm osa ic '  p l a n t s ?  D o e s  h e r b a g e  g r o w ­
i n g  in  p a t c h e s  w h i c h  h a v e  b e e n  u r i n a t e d  on- c o n t a i n  m ore  Mo t h a n  t h a t  
in  o t h e r  a r e a s ?  ( U r i n e  r a i s e s  soil  p H ,  a n d  Mo a v a i l a b i l i t y  is  i n c r e a s e d  
b y  i n c r e a s i n g  p H . )
Most  o f  t h e  s u g g e s t i o n s  f o r  i n v e s t i g a t i o n  o u t l i n e d  a b o v e  a r e  m o s t  
s u i t a b l e  f o r  i n v e s t i g a t i o n  in  t h e  f i e l d ,  a s  w o u ld  b e  a s t u d y  o f  t h e  e f f e c t  
of  s e a s o n  on  t h e  s o i l - p l a n t  r e l a t i o n s h i p s  of  C u ,  Mo a n d  S .  H o w e v e r ,  
s in ce  so l i t t l e  i s  k n o w n  t h e r e  a r e  m a n y  sm a l le r  sca le  p o t  e x p e r i m e n t s  
t h a t  co u ld  b e  s e t  u p  e i t h e r  b a s e d  o n  t h e  i d e a s  a b o v e  o r  on t h o s e  t h a t  
fol low.  P r o b a b l y  t h e  m o s t  i m p o r t a n t  a s p e c t  to  i n v e s t i g a t e  i f  a fu l l  u n d e r ­
s t a n d i n g  o f  how  t h e  t r e a t m e n t  a p p l i e d  in  t h e  e x p e r i m e n t  m e d i a t e d  t h e i r  
e f f e c t s  is t h e  f o r m s ,  a n d  t o t a l  c o n c e n t r a t i o n s  o f ,  t h e  t h r e e  e l e m e n t s  
in t h e  a v a i l a b l e  soi l p o o l .  T h r o u g h o u t  t h e  d i s c u s s i o n  i t  w as  f r e q u e n t l y  
f o u n d  t h a t  s i n c e  t h e  i n t e r a c t i o n s  i n v o l v e d  w e r e  so c o m p l i c a t e d  p r o b a b l y  
t h e  on ly  way  i t  w ou ld  b e  p o s s i b l e  t o  b e g i n  to  u n d e r s t a n d  w h a t  is h a p p e n ­
i n g  would  b e  to  k n o w  t h e  r e l a t i v e  p r o p o r t i o n s  of  t h e  d i f f e r e n t  fo rm s  o f  
C u ,  Mo a n d  S in  t h e  soi l poo l .
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A n o t h e r  r e c u r r i n g  t h e m e  in  t h e  d i s c u s s i o n  w a s  t h e  l a c k  of  k n o w l ­
e d g e  o f  w h a t  w a s  o c c u r r i n g  in  t h e  r h i z o s p h e r e  r a t h e r  t h a n  t h e  b u l k  
soi l a n d  t h i s  a s p e c t  n e e d s  f u r t h e r  i n v e s t i g a t i o n .  A l s o ,  t h e  r e l a t e d  s u b j e c t  
o f  p l a n t  r o o t s  n e e d s  i n v e s t i g a t i n g  -  how  a r e  t h e  r o o t i n g  c h a r a c t e r i s t i c s  
a f f e c t e d  b y  i n c r e a s e d  pH a n d  t h e  o t h e r  t r e a t m e n t s  a p p l i e d ?  A r e  t h e  
r o o t s  of  d i f f e r e n t  s p e c i e s  a f f e c t e d  d i f f e r e n t l y ?  Do t h e  r o o t s  p r o d u c e  
e x u d a t e s  a f f e c t i n g  t h e  a v a i l a b i l i t y  o f  C u ,  Mo a n d  S? A n d ,  i f  so ,  how 
is  t h e  p r o d u c t i o n  o f  t h e  e x u d a t e s  a f f e c t e d  b y  t h e  v a r i o u s  t r e a t m e n t s  
a p p l i e d ?  Is  C u  r e t a i n e d  in  t h e  r o o t s  a s  i s  r e p o r t e d  in  t h e  l i t e r a t u r e  ( s e e  
p a g e  10)?  I f  i t  i s ,  t o  w h a t  e x t e n t  a r e  Mo o r  S a l so  r e t a i n e d  in t h e  r o o t?  
What  e f f e c t  d o e s  r o o t i n g  d e p t h  h a v e  on  p l a n t  u p t a k e  o f  C u ,  Mo a n d  S?
I t c a n  now  b e  a p p r e c i a t e d  t h a t  a l t h o u g h  t h e  w o r k  p r e s e n t e d  in 
t h i s  t h e s i s  h a s  i n c r e a s e d  w h a t  i s  k n o w n  a b o u t  t h e  s o i l - p l a n t  r e l a t i o n ­
s h i p s  of  C u ,  Mo a n d  S in  hi l l  p a s t u r e s ,  t h e r e  i s  s t i l l i  m u ch  w o rk  t h a t  
n e e d s  to  b e  c a r r i e d  o u t  in  o r d e r  t o  g a in  a  fu l l  u n d e r s t a n d i n g  o f  t h e s e  
r e l a t i o n s h i p s .  S u c h  a n  u n d e r s t a n d i n g  is  r e q u i r e d  to  m ake  i t  p o s s i b l e  
t o  a s s e s s  t h e  s u i t a b i l i t y  o f  a  h i l l  s i t e  f o r  i m p r o v e m e n t  w i th  r e g a r d  to  
t h e  p o t e n t i a l  e f f e c t s  on t h e  C u  b a l a n c e s  of  g r a z i n g  s h e e p .
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A P P E N D IC E S
APPEN D IX  I
D e ta i l s  o f  t h e  f e r t i l i z e r  a m e n d m e n t s  
a p p l i e d  in  t h e  E x p e r i m e n t s
A p p e n d i x  1 . 1 :  F e r t i l i z e r  a m e n d m e n t s  in  E x p e r i m e n t  1.
(a) Lime A dd it ion s
T a b le  A l . l :  A m o u n t s  of  lime a p p l i e d  to  t h e  n i n e  soi ls  in  E x p e r i m e n t  1
a t  l ime l e v e l s ,  1, 2,  3 a n d  4^.




k g “ 1
L2
a i r - d r y
L3
s o i l 3 
L4 L I




1 4 .3 22 .7 2 .04 10 .67
2 2 . 0 5.0 1 0 . 0 26 .7 0 .84 2 . 1 0 4 .20 1 1 . 2 1
3 0 .3 8 . 0 0 .1 5 3 .52
4 1.7 4 .7 1 0 . 0 26 .7 0 .7 0 1.96 4.20 1 1 . 2 1
5 4 .0 26 .0 1.60 10 .40
6 6 .7 28 .0 1.47 6 .16
7 5 .3 30 .7 1 .97 11.36
8 4 .3 1 0 . 0 19.3 6 6 .7 1 .16 2 .70 5 .21 18 .01
9 1 . 0 13 .3 0 .42 5 .59
+ Lime l e v e l  0 -  n o  lime a p p l i e d ,  so i l s  a t  n a t u r a l  pH ( r a n g e  3 . 0 -  4 . 9 ) .
2 Lime l e v e l s  1, 2,  3 a n d  4 c a l c u l a t e d  to  g i v e  soil  p H s  of  4 . 2 5 ,  5 .0
5 .75  a n d  6 . 5 ,  r e s p e c t i v e l y .
3 All soi ls  a i r - d r y  e x c e p t  N o .  6 , w h i c h  w as  s t o r e d  moist  a t  4°C .
( b ) N P K  Add it ion s
g p o t  1 ( k g  h a  1 e q u i v a l e n t )
at start  o f  experiment:
0 .1 6 9  g  so l id  K H 2 P 0 4 ( P  -  48,  K -  60)
0 .4 0 9  g C a ( N 0 3 ) 2 in  s o l u t i o n  (N -  60)
after f irst  h a rve s t :
0 .2 0 5  g C a ( N 0 3 ) 2 in  s o l u t i o n  (N -  30)
after se co n d  h a rve st :
0 .307  g C a ( N 0 3 ) 2 in  s o l u t i o n  (N -  45)
( a ) Lime A d d it io n s
T a b le  A 1 . 2 :  A m o u n t  of  l ime a p p l i e d  in  E x p e r i m e n t  2 a t  t h e  t h r e e
lime l e v e l s .
A p p e n d i x  1 .2 :  F e r t i l i z e r  a m e n d m e n t s  in E x p e r i m e n t  2.
A m oun t  o f  lime app lied
Soil
No. mg lime k g  1 a i r - d r y  soil S p o t  'L
+ L1 L2 L3 L I L2 L3
2 2 .3 5 .4 1 1 . 8 0 .9 4 2 .27 4 .96
4 3 .8 7 . 2 1 2 . 0 1.58 3 .04 5 .04
8 5.0 1 1 . 8 2 1 . 0 1.35 3 .17 5.67
^ L l ,  L 2 ,  L3:  lime l e v e l s  1, 2, 3 w h i c h  w e r e  c a l c u l a t e d
t o  g iv e  soi l p H s  o f  4 . 5 ,  5 . 5  a n d  6 . 5 ,  r e s p e c t i v e l y .
(b )  N P K  A d d it ion s
g  p o t  1 ( k g  h a - 1  e q u i v a l e n t )
at sta rt  o f  experiment:
0 .169  g so l id  K H 2 P C \  ( P  -  48,  K -  60
0 .409  g  C a ( N 0 3 ) 2 i n  s o l u t i o n  (N -  60)
after f irst  h a rve s t :
0 .2 0 5  g  C a ( N 0 3 ) 2 i n  s o l u t i o n  (N -  30)
(a) N itrogen  A d d it io n s
T a b le  A 1 .3 :  A m o u n t  o f  n i t r o g e n  f e r t i l i z e r  a p p l i e d  in  E x p e r i m e n t  3
a t  n i t r o g e n  l e v e l s  1  a n d  2 +.
A p p e n d i x  1 .3 :  F e r t i l i z e r  a m e n d m e n t s  in E x p e r i m e n t  3.
N i t r o g e n  fo rm
A m o u n t  o f  n i t r o g e n  a p p l i e d  
( g  p o t - 1 )
L e v e l  1 L e v e l  2
N O 3 -  ( C a ( N 0 3) 2) 0 .2 7 3 0 .547
N H 4+ (NH i ,H C 0 3 ) 0 .183 0 .366
U r e a 0 .069 0 .139
+ F o r  N - l e v e l  0 n o  n i t r o g e n  a d d i t i o n  w a s  m ade
N - l e v e l  1 is  e q u i v a l e n t  to  40 k g  N h a - 1
N - l e v e l  2 is  e q u i v a l e n t  t o  80 k g  N h a - 1 .
(b )  O ther Fe rt il ize rs  A p p l ie d  
( g  p o t - 1 )
Lime: Soil  2 2 .25  g
Soil 8  3 .18  g
P and  K
at start o f  experim ent:
0.169  g  so l id  KH2 P 0 4
( P  -  48 k g  h a - 1 , K -  60 k g  h a " 1 )
A p p e n d i x  1 . 4 :  F e r t i l i z e r  a m e n d m e n t s  in  E x p e r i m e n t  4.
(a) Lime A d d it io n s
T a b l e  A l . 4: A m o u n t  o f  l ime a p p l i e d  in  E x p e r i m e n t  4 f o r  t h e  two
l ime l e v e l s ! .
A m ount  o f  lime app lied
Soil
N o . m g  g  1 
L eve l
a i r  -  d r y  soil 
1 L e v e l  2
g  p o t  1 
L e v e l  1 L e v e l  2
2 3 .7 10 .7 1.56  1.50
8 00 2 2 . 2 2 .3 6  6.00
^Lime l e v e l s  1 a n d  2 w e r e  c a l c u l a t e d  t o  g i v e  soil  
p H s  o f  5 .0  a n d  6 . 5 ,  r e s p e c t i v e l y .
(b )  N P K  A d d it io n s
T a b l e  A 1 . 5 :  A m o u n t s  o f  NPK f e r t i l i z e r  a p p l i e d  a t  t h e  s t a r t  o f
E x p e r i m e n t  4 f o r  t h e  t h r e e  p h o s p h o r u s  l e v e l s ! .
C h em ica l ( f o r m )
A m o u n t  of f e r t i l i z e r a p p l i e d  ( g  p o t  1]
P - l e v e l  1 P - l e v e l 2 P - l e v e l  3
CaH 4(P O  O 2 ( s o l i d ) 0 .160
k h 2p o 4 ( s o l i d ) 0 .085 0 .1 6 9
K N O 3 ( s o l i d ) 0 .063
NH^NO 3 ( i n  s o l u t i o n ) 0.114 0 .1 3 9 0 .139
^ P h o s p h o r u s  l e v e l s  1, 2 a n d  3 w h i c h  c o r r e s p o n d  to  24, 48 a n d  
96 k g  P h a - 1 , r e s p e c t i v e l y .
A fte r  the f ir s t  h a rve s t :
0 .0 9 3  g  NEUNO 3 in  s o lu t io n  w a s  a p p l i e d  to  e a c h  p o t  (40 k g  
N h a - 1 ) .
(a) C o p p e r  A d d it io n s  ( m g  p o t - 1 )
At  C u  l e v e l  1, 10.0 mg CuO  w as  a p p l i e d  (10  k g  C u  h a - 1 )
A p p e n d i x  1 . 5 :  F e r t i l i z e r  a m e n d m e n t s  in  E x p e r i m e n t  5.
(b )  Lime A d d it io n s  ( g  p o t  1 )
Soil 2 -  2 . 2 5  g
Soil 8  -  3 .18  g
(c )  N P K  A d d it io n s  ( g  p o t  x ) ( k g  h a  1 e q u i v a l e n t )  
at s ta r t  o f  experiment:
0 .1 6 9  g  K H 2 P ( \  ( s o l i d )  (P  -  48, K -  60)
0 .409  g  C a ( N 0 3 ) 2 ( i n  s o l u t i o n )  (N -  60)
after f ir s t  h a rv e s t :
0 .2 7 3  g  C a ( N 0 3 ) 2 ( i n  s o l u t i o n )  (N -  40)
(a) Lime A d d it io n s
T a b l e  A 1 . 6 :  A m o u n t  o f  lime a p p l i e d  in  E x p e r i m e n t  6  A
A p p e n d i x  1 . 6 :  F e r t i l i z e r  a m e n d m e n t s  in E x p e r i m e n t  6.
Am ount o f  lime app lied
Soil
No.
Wt soil  t a k e n  
in  P a r t  A ( g ) m g  g  1 a i r - d r y  soil
P a r t  A 
g b u c k e t - 1
P a r t  B 
g p o t - 1  +
2 6250 O00 50 3.36
8 4000 1 7 .5 70 4 .7 2
^Lime a d d e d  t o  d r y  p r e - t r e a t m e n t  a t  o u t s e t  o f  p l a n t  g r o w t h  
e x p e r i m e n t .
(b )  N P K  A d d it io n s
( g  p o t - 1 ) ( k g  h a - 1  e q u i v a l e n t )
at start  o f  E xpe r im en t  6B (pot e x p e r im e n t ) :
0 .169  g  KH2 P 0 4 ( i n  s o l u t i o n )  ( P  -  48,  K -  60)
0 .409  g  C a ( N 0 3 ) 2 ( i n  s o l u t i o n )  (N -  60)
A PPE N D IX  II
A d d i t i o n a l  c h a r a c t e r s  to  d e s c r i b e  




lo ca ti on
g r i d  Soil
r e f e r e n c e  a s s o c ia t i o n
Soil
s c r i e s
Ö O l l
d r a i n a g e
s t a t u s
u r y
m a t t e r  O r g a n i c  C 
(%) (I)
(m g  k g "  o v e n  d r y  soil)
a i  P O . ’ - - r
1A C a r r o n  V all ey  
S t i r l i n g s h i r e
NS 70G825 D u r le i th My r e s P o o r / v e r y  p o o r 98 .0 3 .7 940 9.1
IB C a r r o n  V all ey  
S t i r l i n g s h i r e
NS 728805 Dn r le i th Du n lo p I m p e r fe c t 9 7 .5 5 .9 340 1.8
2a C i l l r i g g
D u m f r i e s s h i r e
NY 064875 Y a r ro w Y a r r o w F r e e 98 .0 12.4 120 14.0
2b P u r k g n t e
D u m f r i e s s h i r e
NY 005885 E t t r i c k K eds li e Im p e r f e c t 9 8 .5 2 .9 45 9 .2
2c G i ll r i g g
D u m f r i e s s h i r e
NY 056879 A llu v ia l/P e at Po or 9 7 .5 5 .1 95 26.0
2d P a r k g u t e
D u m f r i e s s h i r e
NY 002876 A llu v ia l 9 7 .5 12.1 155 8 .2
3A G l e n s n u g h - B i r n i e
K i n c a r d i n e s h i r e
NO 667790 S t r i c h e n F u n g n r t h F r e e 9 6 .5 13.0 800 5 .2
3B G l c n s a u g h - B i r n i e
K i n c a r d i n e s h i r e
NO 666788 S t r i c h e n F u n g a r t h F r e e 9 8 .5 4 . 5 240 5 .3
4A Gl ensnugh-VVe st
Finel ln
K i n c a r d i n e s h i r e
NO 677777 S t r a t h f i n e l l n G n r r o l d F r e e  (b e lo w  
i ro n  p a n )
9 8 .0 9 .7 310 4 .7
4B G l e n s n u g h - W e s t
Finelln
K i n c a r d i n e s h i r e
NO 673776 S t r a t h f i n e l l n S t r a t h f i n e l l n F r e e 9 8 .0 6 .6 470 3 .9
5A H a r t w o od
L a n a r k s h i r e
NS 836599 Rowanhil l Ro wnnhil l Poor 9 8 .0 6 .8 270 1.3
5B H a r t w o od
L a n a r k s h i r e
NS 838597 Rownnhil l R o w an h il l Poor 9 7 .5 7 .1 90 2 .2
GA H o u se  O 'M uir  
Mid lo th ia n
NT 218628 B e m e r s y d e B e m e r s y d e F r e e 96 .0 12.6 860 7 .8
6B H o u se  O 'M u ir  
M id lo th ia n
NT 223623 S o u r h o p e S o u r h o p e F r e e 9 8 .0 6 .3 320 5 .3
7A 2 L e p h in m o re
A r g y l l s h i r e
NR 012925 Peat P o o r / v e r y  p o o r 93 .0 40 .0 45 51 .0
7B L e p h in m o re
A r g y l l s h i r e
NR 014925 Peat P o o r / v e r y  p o o r 9 2 .5 45 .0 <1 71 .0
8 A R e d e s d a le
N o r t h u m b e r l a n d
NY 831965
3
V e r y  p o o r 9 7 .5 8 .0 190 3 .8
8B R e d e s d o le
N o r t h u m b e r l a n d
NY 832964 V e r y  p o o r 9 8 .5 3 .5 30 10.0
9A S o u r h o p e  1 
R o x b u r g h s h i r e
NT 842216 S o u r h o p e S o u r h o p e F r e e /
in t e r m e d i a t e
9 7 .5 9 .5 210 6 .3
9B S o u r h o p e  I 
R o x b u r g h s h i r e
NT 843207 S o u r h o p e Sk e le ta l so il 9 7 .0 9 .7 105 44 .0
10A S o u r h o p e  11 
R o x b u r g h s h i r e
NT 864212 S o u r h o p e Cowie F r e e  w i th  p e a t y  
top
9 6 .5 23 .0 400 14.0
10B S o u r h o p e  11 
R o x b u r g h s h i r e
NT 858209 S o u r h o p e A t to n Poor 9 5 .5 27 .0 100 62 .0
11A S o u t h  S l i p p e r f i e l d  
P e e b l e s s h i r e
NT 123499 B e m e r s y d e B e m e r s y d e F r e e 99 .0 3 .7 190 3 .2
1 IB S o u t h  S li pperf L e ld  
P e e b l e s s h i r e
S ta n d a rd  e r ro r






3 .9  
1. 27
A -  i n d i g e n o u s l y  v e g e t a t e d  s i t e  
B -  im p r o v e d  s i t e
All s a m p le s  fr om lo ca ti on  2 ( D u m f r i e s s h i r e )  
w e re  from i m p r o v e d  a r e a s .
2T h e  a n a l y s e s  fo r  t h e  p en t  w e r e  p e r f o r m e d  s Soil  t y p e  'T '  a s  d e f i n e d  in 'T h e
on  a i r - d r y  s a m p l e s  ( a s  fo r  all t h e  s o i l s ) ;  So ils  o f  R edesdn ie  E x p e r im e n t a l
a n d  a r e  n o t  s t r i c t l y  c o m p a r a b l e  to  t h e  H u s b a n d r y  F a rm ,  N o r t h u m b e r l a n d ' ,
o t h e r  v a l u e s  p r e s e n t e d .  MAFF.
A PPE N D IX  III 
P r i m a r y  d a t a  ( t r e a t m e n t  m e a n s )  f o r  t h e  E x p e r i m e n t s
NB f o r  a n  e x p l a n a t i o n  o f  " s e e  p a g e  65.
A p p e n d i x  3 . 1 :  D a t a  f rom E x p e r i m e n t  1.
T a b l e  A 3 . 1 :  p H s  o f  s o i l s  1 to  9 i n  w h i c h  P R G  w a s  g r o w n  at  t h r e e  l ime l e v e l s .
p H
So i l U n l i m e d L i me l eve l  2 L i me  l eve l  4
* T 0 T 1 T 2 T 3 T O T 1 T 2 T 3 TO T 1 T 2 T 3
1 4 . 0 4 . 1 4 . 1 4 . 1 5 . 0 4 . 9 5 . 0 4 . 9 7 . 3 7 . 2 7 . 3 " 7 . 3
2 3 . 8 3 . 7 3 . 6 3 . 7 5 . 4 5 .0 4 . 9 5 . 0 7 . 5 7.4 7 .4 7 . 5
3 4 . 9 4 . 9 4 . 9 5 . 0 5 . 1 5 .0 5 . 1 5 . 1 7 . 2 7.1 7 . 2 ” 7 . 2
4 3 . 3 3 .4 3 . 4 3 . 5 4 . 8 4 . 7 4 . 6 4 . 7 7 .4 7.4 7 .3 7.4
5 3 . 7 4 . 0 4 . 0 3 . 9 5 . 0 " 4 . 8 4 . 9 " 4 . 7 7 . 2 7 .3 7.3 7 . 3
6 3 . 0 3 .3 3 . 3 3 . 4 4 . 8 4 . 7 4 . 6 " 4 . 6 7 . 2 7 . 4 ” 7 . 2 7 . 2
7 3 . 5 3 .6 3 .6 3 . 7 " 5 . 0 - 5 . 0 4 . 8 4 . 7 7 . 5 7.4 7 . 5 7 . 4 "
8 3 . 4 3 . 5 3 .4 3 . 5 5 . 2 4 . 9 4 . 8 4 . 8 7.8 7.6 7.4 7 . 5
9 4 . 4 4 .4 4 . 4 4 . 4 4 . 7 4 . 7 4 . 8 4 . 7 7 . 1 7.0 7 . 0 - 7 . 1
s . e . : T O  = 0 . 0 2 ;  T 1 = 0,.03;  T 2 = 0 . 0 2 ; T 3  = 0 . 0 2
lT 0 , 1, 2, 3: 0 ,  35, GO, 90 d a y s -  s t a r t  o f  e x p e r i m e n t ,  f i r s t ,  s e c o n d  a n d t h i r d h a r v e s t s .




U n l i m e d  
T 1 T 2 T 3
L im e  l e ve l  1 
T O  T 1 T 2  T 3
L i m e  l eve l  
TO T 1 T 2
2
T 3
L ime  
T O  T 1




L im e  l ev e l  4 
T O  T 1 T 2 T 3
2 3 .8 3 . 7 3 . 6 3 . 7 4 . 4  4 . 3  4 . 2  4 . 3 5 . 4  5 . 0  4 . 9 5 . 0 6 . 4  6 . 0 5 .9 5 .9 7 . 5 7 . 4 7 . 4 7 . 5
4 3 .3 3 . 4 3 . 4 3 . 5 3 . 9  3 . 9 "  3 . 8  4 . 0 4 . 8  4 . 7  4.6 4 . 7 6 . 2  5 . 9 5 . 7 5.7 7.4 7 .4 7 . 3 7 .4
8 3 . 5 3 . 5 3 . 4 3 . 5 4 . 3  4 . 1  4 . 0  4 . 2 5 . 2  4 . 9  4 . 8 4 . 8 6 . 4  6 . 0 "  5 . 7 5.8 7 .8 7 . 6 7 . 4 7 . 5
s .e . : TO = 0.01; T1 = 0.02; T2 = 0.02; T3 = 0.02
'see Table A3.1
Table A3.3: Extrnctable Cu contents of soils 1 to 9 in which PRG was grownfor 90 days at three lime levels.
S o i l
E xtra ctab le so il C u (m g k g -1 a i r - d r y  so il)
U n l i m e d  
1 T O  T  3
L i me
T O
l eve l  2 
T 3
L im e  l ev e l  4 
T O  T 3
1 1.8 1.7 1 .6 1.4 2 . 0 2 . 1 "
2 4 . 6 4 . 0 3 . 9 3 .6 4 . 1 4 . 5
3 0 . 8 0 . 7 0 . 8 ' • 0 . 6 0 . 9 0 . 9
4 2 .0 1.6 1 . 9 1.4 2 . 1 2 . 1
5 1 .9 1 .5 1.6 1.4 1.8 2 . 0
6 12 . 0 12 . 3 12. 0 13 . 1 10. 6 11 . 1
7 1 .1 ' 0 . 9 1 .0 0 . 8 1 . 1 1 .2
8 0 . 6 0 . 5 0 . 6 0 . 5 0 . 6 0 .4
9 1 .0 0 . 8 " 1 .0 0 . 8 1 . 2 " 1 . 2
s . e . :  T O  = 0 . 1 1 ;  T 3  = 0 . 1 3
1 s e e  T a b l e  A 3 . 1
T a b l e  A 3 . 4 :  E x t r a c t a b l e  C u  c o n t e n t s  o f  s o i l s  2,  4 a n d  8 i n  w h i c h  P R G  w a s  g r o w n  at  f i v e  l ime l e v e l s .
E xtra cta b le  so il C u  (m g k g ~ l a i r - d r y  so il)
S o i l  U n l i m e d  L ime  l ev e l  1 L i m e  l e ve l  2 L i m e  l e ve l  3 L i me  l e v e l  4
* T 0  T 1 T  2 T 3  T O  T 1  T 2  T 3  T O  T 1  T 2  T 3  T O  T 1  T 2  T 3  T O  T 1  T 2  T 3
2 4 . 6 4 . 7 4 . 7 4 . 0 4 . 1 4 . 4 4 . 7 3 . 9 3 . 9 4 . 2 4 .4 3 . 6 4 . 6 4 . 7 4 . 8 4 . 1 4 . 1 4.8 4 . 9 4 . 5
4 2 . 0 1.9 2 . 0 1.6 1 .8 1 . 9 2 . 0 1.6 1 . 9 1 .9 1 .9 1.4 2 . 0 1 .9 2 . 0 1.6 2 .1 2.3 2.4 2 .1
8 0 . 6 0 . 7 0 . 7 0 . 6 “ 0 . 6 0 . 6 " 0 . 7 0 . 5 0 . 6 0 . 6 0 . 6 " 0 . 5 0 . 6 0 . 6 0 . 6 0 . 5 0 . 6 0 . 5 0 . 5 0 . 4
s . e . :  TO = 0.05; T1 = 0.06; T2 = 0.05; T3 = 0.06
1see Table A3.1
T able  A 3.5 :  E x trac tab le  Mo c o n te n ts  of soils 1 to  9 in which
PRG was grown for 90 days  a t  th r e e  lime leve ls .
Soil







Lime level 3 
TO T3
1 0.011 0.019 0.013 0.024 0.033 0.037
2 0.033 0.052 0.052 0.083 0.170 0.220"
3 0.027 0.030 0.029 0.033 0.035 0.035
4 0.029 0.050 0.022 0.027" 0.027 0.042
5 0.024 0.032 0.039 0.039 0.068 0.092
6 0.086 0.096 0.082 0.096 0.089 0.130
7 0.033 0.053 0.030 0.052 0.052 0.068
8 0.046 0.044 0.045 0.038 0.061 0.079
9 0.027 0.043 0.024 0.042 0.043 0.047
s , e . : TO = 0.00V8; T3 = 0.0121
lsee Table A3.1
Table A 3.6: Extractable Mo contents of soils 2, 4 and 8 in which PRG was grown at five
lime levels.
E x tra c ta b le  so il Mo (m g k g  1 a i r - d r y  so il)
Soil Unlimed Lime level 1 Lime level 2
oH
T 1 T 2 T  3 T O T 1 T 2 T  3 T O T 1 T  2 T  3
2 0 . 0 3 3 0 . 0 4 5 0 . 0 4 5 0 . 0 5 2 0 . 0 4 2 0 . 0 5 0 "  0 . 0 4 9 0 . 0 6 1 0 . 0 5 2 0 . 0 5 3 0 . 0 5 2 0 . 0 8 3
4 0 . 0 2 9 0 . 0 3 1 0 . 0 3 5 0 . 0 5 0 0 . 0 2 5 0 . 0 2 2  0 . 0 2 1 0 . 0 4 2 " 0 . 0 2 2 0 . 0 2 0 0 . 0 1 6 0 . 0 3 2 "
8 0 . 0 4 6 0 . 0 3 9 0 . 0 3 3 " 0 . 0 4 4 0 . 0 4 5 0 . 0 4 2 "  0 . 0 3 3 0 . 0 4 0 0 . 0 4 5 0 . 0 3 3 0 . 0 2 7 0 . 0 3 8
E x  trac  table so il Mo (m g k g ' 1 a i r - d r y  so il)
Soil Lime level 3 Lime level 4
TO T 1 T2 T 3 TO T 1 T2 T 3
2 0.086 0.063" 0.082 0.089 0.170 0.220" 0.210" 0.220-
4 0.018 0.018 0.020 0.031" 0.027 0.028 0.026 0.042
8 0.052 0.040 0.030 0.041 0.061 0.077" 0.050" 0.079
s.e .  : 
1 see
TO = 0.0104; T 1 
Table A3.1
= 0.0047; T 2 = 0.0047; T3 = 0.0155
Table A 3.7: E x trac tab le  soil SOu2_-S c o n te n ts  o f  soils  1 to 9
in which PRG was grown for 90 d ay s  a t  th r e e
lime leve ls .
Soil











1 40 28 48 30 89 83
2 33 30 43 24 79"' 97
3 14 8 14 6 20 7
4 17 13 22 12 57 42
5 49 44 33 46 67 155"
6 27 23 28 15 54 62
7 21 11 20 13 21"• 14"
8 25 7 27 11 52"■ 135
9 19 11 19 10 45"• 32
s .e .  : TO = 2.7; T3 = 3.4
1see Table A3.1
Table A3.8: Extractable soil SO,2 -S contents of soils 2, 4 and 8 in which PRG was grown at
f ive  lime levels.
Soil
E x tra c ta b le so il S O , 2 -S (m g k g ' 1 a i r - d r y  so il)
2T0
Unlimed 
T 1 T2 T3
Lime level 

















2 33 35 35 30 37 31 26 16 43 39 28 24 56 62 45 46 77" 100-■ 96 97
4 17 20 15 13 19 12 11 6 22 28 18 16 33 28 18 16 57 65 45 43
8 25 17 8 9" 28 11 10 10 27 20" 12" 11 14" 37 11" 15 59" 115-• 115" 130"
s .e . :  TO = 3.0; T1 = 3.9; T2 = 3.8; T3 = 3.0
1 see Table A 3 .1
T able  A3.9:  D ry  m atter  p ro d u c t io n  of PRG grown in soils 1 to 9
at. t h r e e  lime leve ls .
D r y  m atter p ro d u c t io n  ( g  1 p o t )
Soil Unlimed Lime level 2 Lime level 4
i T i T2 T 3 T 1 T2 T3 T 1 T2 T3
1 0.47 0.90 0.99 0.73 1.04 1.13 0.89 1.60 1.54
2 0.07 0.16 0.26 0.85 1.07 1.18 . 0.32 1.22 1.58'
3 0.95 0.84 0.55 0. 98 0.92 0.59 0.83 1.21 1.04
4 0.14 0.54 0.86 1.19 1.21 1.14 0.62 1.59 1.25
5 0.25 0.45 0.57 0.87 1.33 1.20 0.89" 1.42 1.35
6 0.71 1.01 0.54 1.33 1.18 0.83 0.81" 1.40 0.81
7 1.20 1.25 0.74 1.53 1.80 1.31 0.36 1.88" 2.03
8 0.56 0.97 0.47 1.29 1.44 0.92 0.07 0.04 0.12
9 0.98 1.29 0.87 1.04 1.42 1.03 0.74" 1.60" 1.63'
s .e .  : TO = 0.039; T2 = 0.053; T3 = 0.042
1 see Table A3.1
Table A3.10; Dry matter production of PRG grown in soils 2, 4 and 8 at five lime levels.
D r y  m atter p ro d u c t io n  ( g ~ x p o t)
Soil Unlimed Lime level 1 Lime level 2 Lime level 3 Lime level 4
i T i T2 T 3 T 1 T2 T 3 T 1 T 2 T3 T 1 T2 T3 T 1 T 2 T 3
2 0.08 0.16 0.26 0.87 1.00 1.00 0.84 1.14 1.18 0.92 1.27 1.31 0.37 1.19 1.58'
4 0.09 0.42“ 0.92" 1.09 1.11 1.05 1.09 1.22 1.14 1.14 1.40 1.14 0.54 1.55 1.30'
8 0.55 0.88 0.47 1.31 1.11 0.72 1.26 1.44 0.92 1.27 2.03 1.23 0.07 0.05 0.12
s . e . :  T 1 = 0.047; T2 = 0.056; T3 = 0.026
1 see Table A3.1
Table  A 3.11: H erbage  Cu co n c e n t r a t io n  of  PRG grown in soils
1 to 9 a t  t h r e e  lime leve ls .
Soil
H e rb a g e C u  co n ce n t ra t io n (m g k g  1 D M )
Unlimed
iT i T2 T 3
Lime level 2 







1 12.7 9.1 8. I ' ­ 9.9 7.3 7.6 9.7 7.3 6.0
2 10.7 8.8 l l . 0 9.1" 7.2 8.3 11.1" 8.4 8.0
3 6.7 6.7" 9.1 5.2 5.6 8.0 4.5 4.0 5.4
4 6.4 7.5" 8.0 6.6 5.0 6.6 6.1" 3.2 3.3
5 6.7 6.7 8.1 7.1 6.7 8.3 8.2 6.0 5.2
6 8.8 5.8 8.3 7.4 7.7 7.6 6.1" 4.0 3.3
7 3.4 3.3 6.1 4.0 3.9 5.4 3.4 3.8 2.8
8 2.4 1.4 2.6 2.5" 2.2 3.4 2.9 0.5 1.7
9 5.4 6.0 6.7 5.3 6.1 7.1 5.8 4.7" 6.2
s .e .  : T 1 = 0.40; T2 = 0.28; T3 = 0.29
1see Table A3.1
Table A3.12: Herbage Cu concentration of PRG grown in soils 2, 4 and 8 at five lime levels.
H e rb a g e  C u co n ce n tra t io n  (m g  k g  1 D M )
Soil Unlimed Lime level 1 Lime level 2 Lime level 3 Lime level 4
i T i T2 T 3 T 1 T 2 T 3 T 1 T 2 T 3 T 1 T2 T3 T 1 T 2 T 3
2 10.7 8.9 11.0 9.7 7.7 9.0 10.0 7.7 8.3 11.5 8.7" 8.2" 11.2" 9.3 8.0
4 6.4 7.4" 8.0 7.5 7.3 7.6 7.4 6.2 6.2" 8.4 6.2 5.6 6.8 4.7 3.2'
8 2.4 2.2 2.6 2.3 3.4 3.9 3.0 3.0 3.4 2.6 3.0 2.8 2.9 - 1.7
s .e . :  T1 = 0.56; T2 = 0.23; T3 = 0.23
1 see Table  A 3.1
Table A3.13: H erbage  Mo co n c en tra t io n  of  PRG grow n in soils
1 to 9 a t  th r e e  lime leve ls .
H e rb a g e  Mo co n ce n t ra t io n  (m g k g  1 DM1 
Soil Unlimed Lime level 2 Lime level 4
i T i T2 T 3 T 1 T2 T3 T 1 T2 T 3
1 0.94 1.0 1.4 0.96 1.3 2.2 1.9 3.1 4.1
2 1.3 0.34 1.2 2.2 8.2" 6.0" 4.0 4.8" 8.0-
3 1.0 2.3 8.5 0.88 2.0 5.6" 3.4 6.3" 5.7
4 0.44 0.82 1.5 0.66 1.9 3.6 1.4" 1.6 2.7
5 0.18 0.34 0.92 0.81 1.4 1.3 2.9 2. 1 4.4
6 0.43 0.36 1.0 0.87 1.8 3.1 1.3 1.4 3.1
7 0.27 0.78 2.4 0.62 1.0 2.8 1.2 1.7 2.0
8 0.48" 0.90 1.2 0.84 3.5 5.0 0.71 0.23 4.1
9 0.75 0.90 2.8 0.70 1.0 2.7 2.8 2.3 3.9'
>.e. : T 1 = 0.214; T2 = 0.460; T3 = 0.657
1see Table A3.1
Table A3.14: Herbage Mo concentration of PRG grown in soils 2, 4 and 8 at five lime levels.
H e rb a g e  Mo c o n ce n tra t io n  (m g k g  1 D M )
Soil Unlimed Lime level 1 Lime level 2 Lime level 3 Lime level 4
iT i T2 T3 T 1 T2 T 3 T 1 T2 T3 T 1 T2 T3 T 1 T2 T 3
2 1.3 0.35 1.2 1.3 2.0 3.1" 2.0 5.4 6.1" 6.0 6.9 10.2" 4.0 5.8 8.1'
4 0.44 0.82 1.5 0.68 1.8 3.3 0.79 2.0 3.6 1.3" 1.8 2.7 1.8 1.4 2.7
8 0.56 "  0.40 1.2 0.76 2.6 5.4 1.2 2.9 5.0 1.5 2.4 4.3 0.71 0.23 4.1
s .e .  : T 1 = 0.287; T2 = 0.720; T3 = 0.660
1 see Table A3.1
Table A3.15: H erbag e  S co nc en tra t ion  of PRG grown in soils
1 to 9 a t  th r e e  lime leve ls .
H e rb a g e  S  c o n ce n t ra t io n  (%  D M )
Soil Unlimed Lime level 2 Lime level 4
*T 1 T2 T 3 T 1 T2 T3 T1 T2 T3
1 0.,32 0 .,30 0 .,28 0 ,.36" 0 .,29 0 . 37 0 .,34 0.,32 0 .,31
2 0 .,28 0 .,30 0 ..26 0.,41 0 . 33 0 . 32 0 .,39 0 ..30 0 .,25
3 0 .,22 0 .,10 0 . 10 0 .,21 0 .,10 0 . 10 0.,29 0 . 21 0 . 12
4 0 .,37 0.,30 0 .,22 0.,40 0 .,26 0 .,19 0..54 0.,33 0 .,26
5 0 .,32 0 .,32 0 . 32 0.,34 0.,29 0.,36 0.,34 0 ..26 0 . 31
6 0 .,32 0 .,14 0 .,14 0 .,24 0 , 16 0 . 13 0 ,.45" 0 .,24 0 .,25
7 0 .,30 0 .,11 0 . 10 0 . 38 0 ,.16 0 ..13 0 , 40 0 ., 28" 0 , 23
8 0 .,35 0 . 18 0 .,10 0 . 36 0 . 14 0 .,11 0 ..29 0,,39 0 , 38
9 0 .,29 0 .,14 0 .,11 0 .,28 0 ,.14 0 .,12 0 ,.33 0 .,28 0 ,.30
s .e .  : T 1 = 0.012; T2 = 0.010; T3 = 0.011
1see Table A3.1
Table A3.16: Herbage S concentration of PRG grown in soils 2, 4 'and 8 at five lime levels.
H e rb a g e  S  c o n ce n tra t io n (%  D M )
Soil Unlimed Lime level 1 Lime level 2 Lime level: 3 Lime level 4
iT i T 2 T3 T 1 T 2 T3 T 1 T2 T 3 T 1 T2 T 3 T 1 T 2 T 3
2 0.28 0.30 0.26 0.29" 0.26 0.29 9.36 0.30 0.32 0.38 0.30 0.30 0.39 0.25" 0.25
4 0.37 0.30 0.22 0.32 0.22 0.15 0.34 0.24 0.19 0.42 0.27" 0.24 0.54 0.30 0.26
8 0.35 0.17 0.10 0.26 0.10 0.10 0.33 0.12 0.11 0.43 0.17" 0.12 0. 29 0.39 0.38
s .e . :  T1 = 0.013; T2_= 0.009; T3 = 0.010
1see Table  A3.1
A p p e n d i x  3 . 2 :  D a t a  f rom E x p e r i m e n t  2.
Table A3.17: pH o f  soils 2, 4 and 8 in which PRO or WC was grown at three 







A2 A3 A l A2
PRG
A3 SI S2 S3
2 0 4.4 5.4 6.7 4.5 5.5 6.7 5.8 7.2" 7.8
1 4.3 5.0 6.2 4.3 5.1 6.3 4.6 5.6 6.8
2 4.2 5.0 6.3 4.3 5.0 6.3 4.2" 4.8 6.3
4 0 4.5 5.6" 6.4 4.6 5.5 6.6 6.6 7.3 7.8
1 4.4 5.3 6.3 4.5 5.3" 6.1 4.8 6.0 6.5
2 4.3" 5.0 6.0" 4'. 4 5.2 6.1 4.1 5.2" 6.0
8 0 4.3 5.2 6.3" 4.4 5.4 6.4 6.0 7.2 7.7
1 4.2 5.0 6.0 4.2 5.1 6.0” 4.6 5.8 6.4
2 4.1 4.8 5.8 4.2 5.0 5.9 4.0 4.8 6.3"
s .e . Part A (Lime A )  : TO = 0.05; T l  = 0.04; T2 = 0. 03
Part B (PR G ): TO = 0.04; T l  = 0.08; T2 = 0. 05
1Sampling time 0, 1, 2: days 0, 40 and 70 -  start o f experiment, first and
second harvests .(TO, T l , , T2 ).
2A1, A 2 , A3: lime applied throughout soil at 1levels 1, 2 and 3.
S I, S2, S3: lime applied to surface layer (top 30%) of soil at
levels 1, 2, 3.
Table A3.18: DM production of PRG and VVC grown in soils 2, 4 and 8 at
three lime levels and, for PRG, with two' methods of lime
application.
H e rb a g e  D M  p ro d u c t io n ( g  p o r -D
Soil Harvest WC PRGtime 1
2A 1 A2 A3 A l A2 A3 s i S2 S3
2 1 0.76 0.85 0.16 1.66 2.01 2.41 1.52 1.88 0.26
2 1.50 1.86 1.29" 1.38 1.53 1.84 1.32 1.52 1.59"
4 1 1.05 1.04 0.58 2.13 2.43 2.45 1.95 1.87 1.33
2 1.66 1.77 2.06 1.41 1.55 1.66 1.37 1.38 1.50
5 1 1.04 1.29 0.80 2.38 2.67 2.93 2.42 2.24 0.65"
2 1.87 2.35 2.51 1.26 1.49 1.89 1.27 1.53 1.64
s.e .  Part A (L im eA ):  Harvest 1 = 0.073; Harvest 2 = 0.057
Part B (PRG ):  Harvest 1 = 0.071; Harvest 2 = 0.038
1 Harvest 1, 2:
2 A l ,  A 2 , A3:
S I ,  S2, S3:
days 40 and 70.
lime applied throughout soil at levels 1, 2 and 3.
lime applied to surface layer (top 30%) of soil at 
levels 1, 2, 3.
Table A3.19: Herbage Cu concentration of PRG and WC grown in soils 2, 4 and 
8 at three lime levels and, for PRG, with two methods of lime 
application.
Soil





A2 A3 A l A 2
PRG
A3 SI S 2 S3
2 1 8.7" 9.4 8.6 6.8 6.6 7.9 7.7 7.8 11.4
2 7.6 8.3 " 8.5 4.6 4.4 4.7 4.6 4.6 8.0"
4 1 7.8 6.8 7.9 5.6 5.0 5.9 5.5 4.8 5.6
2 12.4" 13.0 " 6.3 5.0 3.2 3.6 5.0 4.7 3.8
8 1 2.0 2.2 2.7 2.5 2.4 2.4 1.8 1.7 1.8
2 2.0" 2.1 1.3 2.2 1.9 1.7 1.4 1.2 1.2
s.e. Part A (Lime A ) : Harvest 1 = 0.36: Harvest 2 = 0.16
Part B (PR G ): Harvest 1 = 0.411 Harvest 2 = 0.19
h a rv e s t  1, 2: days 40 and 70.
2A1, A2, A3: lime applied throughout soil at levels 1, 2 and 3.
S I ,  S2, S3: lime applied to surface layer (top 30%) of soil at
levels 1, 2, 3.
Table A3.20: Herbage Mo concentration of PRG and WC 
8 at three lime levels and, for PRG, with 
application.
grown in soils 2, 4 and 
two methods of lime
'
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PRG























































s.e. Part A (Lime A ) :  Harvest 
Part B (PRG ) Harvest
1 = 0.57; 
1 = 0.52;




1,2as  fo r  T able  A3.19
T a b l e  A 3 . 2 1 :  H e r b a g e  S  c o n c e n t r a t i o n  o f  P R G  a n d  W C  g r o w n  i n  s o i l s  2, 4 a n d  8 
a t  t h r e e  l i me  l e v e l s  a n d ,  f o r  P R G ,  w i t h  t w o  m e t h o d s  o f  l i me  
a p p l i c a t i o n  .




A 2 A3 A l A2
PRG 
A3 SI S2 S3
















































s . e . Part A (Lime A ) : Harvest 1 = 0.008 ; Harvest 2 = 0.005
Part B (PRG ): Harvest 1 = 0.011 ; Harvest 2 = 0.008
2>2 as for Table A3.19
Table A3.22: Herbage Ca 






and WC grown in soils 2,
, with two methods of lime
4 and 8 
applica
H e rb a g e  C a  co n ce n tra t ion  (% DM  I
Soil Harvest time1 '
2 A 1
WC 
A 2 A3 A l A2
PRG 
A3 SI S2 S3
2 1 1.7 1.8 1.9 0.56 0.62 0.66 0.53 0.56 0.46
2 1.6 1.9 1.4 0.55 0.58 0.57 0.46 0.43 0.37
4 1 1.8 1.8 1.6" 0.62 0.58 0.59 0.49 0.44 0.33
2 2.1” 2.0 1.6 0.68 0.63 0.67 0.56 0.48 0.34
8 1 1.2 1.6 1.4 0.54 0.53 0.51 0.37' 0.33 0.30
2 1.2 1.7 1.4 0.78 0.79 0.73 0.56 0. 55 0.33
s.e. Part A 
Part B
(Lime A )  : 
( P R G ) :
Harvest 1 - 
Harvest 2 -
Harvest 1 =
WC = 0 
WC = 0
0.012;
.05; PRG = 0.015 
.04; PRG = 0.016
Harvest 2 = 0.015
l -2 a s  for  T able  A3.19
A p p e n d i x  3 . 3 :  D a t a  f rom E x p e r i m e n t  3.
Table A3.23: pH for soils 2 and 8 before and after 42 days growth
of PRG with N applied as urea.
p H
Soil 40 kg  N ha-1 80 kg  N ha-1
+T0 T l TO Tl
2 5.5 4.9 5.7 4.9
8 5.5 4.9 5.4 4.9
s.e. : T2 = 0 .0 5 ;  T l = 0.02
+To , Tj : sampling days 0 and 42, n e :  start
and conclusion o f  experiment.
Table A3.24: Herbage DM production for PRG grown for 42 days 
in soils 2 and 8 with and without additional N , 
applied as NHip-N, NO,~-N and urea.
' H e rb a g e  d r y  ma tter p ro d u c t io n (g pot 1)
Soil No N NO,'"-N N H „+-N Urea
+ 40 80 40 80 40 80
2 0.58 1.60 2.51" 1.48 2.29 1.48 2.24
8 2.27 2.80 3.02 2.68 2.90 2.70 2.83
s . e . :  No nitrogen = 0.028; plus nitrogen = 0.040
+40, 80 = kg N ha-1 applied.
T able  A 3.25: H erba g e  Cu c o n c en tra t io n  for  PRG grow n for  42 days
in soils  2 and  8 with a n d  without add it iona l N , applied
as  N H / - N ,  N O j ' - N  an d  u re a .
H e rb a g e  C u  c o n ce n t ra t io n  (m g k g  1 D M )






2 5.5" 4 .8” 5.5 5.4 5.4 5.2 5.4
8 1.8 1.8 1.8 1.8 1.6 1.8 1.6
s .e . :  No nitrogen = 0.08; plus nitrogen = 0.11
+see Table A3.25
Table A3.26: Herbage Mo concentration for PRG grown for 42 days
in soils 2 and 8 with and without additional N , applied 
as NH^+-N ,  N 0 3~-N and urea.
H e rb a g e  Mo co n ce n t ra t io n (m g k g '- 1 D M )
Soil No N NO 3~-N NHn +-N Urea
+40 80 40 80 40 80
2 4.3" 2.1 2.9 2.9 2.4 2.1 2.4
8 2.2 2.4 2.2 1.9 2.2 1.8 2.6
s .e . :  No nitrogen = 0.32; plus nitrogen = 0.45
+ see Table A3. 25
Table A3.27 : H erbage  S co n c e n t r a t io n  for PRG grown for  42 days
in soils  2 an d  8 with an d  without add it ional N ,
upplied as  NHi,+-N ,  N 0 3"-N and  u re a .
H e rb a g e  S  co n ce n t ra t io n  (% D M )
Soil No N n o 3” -N NH./-N Urea
t40 80 40 80 40 80
2 0.38 0.28 0.23 0.33 0.32 0.33 0.32
8 0.15 0.13 0.12 0.14 0.14 0.14 0.14
s . e . :  No nitrogen = 0.005; plus nitrogen = 0.007
tsee  Table A3. 25
Table A 3.28: Herbage N concentration for PRG grown for 42 days
in soils 2 and 8 with and without additional N , 
applied as N H ^ -N ,  NOa~-N and urea.
H e rb a g e  N  c o n ce n tra t io n (%  D M )
Soil No N n o 3- -N NH „+--N Urea
t40 80 40 80 40 80
2 1.2 1.1 1.4 1.2 1.5 1.2 1.4
8 1.3 1.5 1.9 1.8 2.0 1.6 2.1
s . e . :  No nitrogen = 0.03; plus nitrogen = 0.04
t s e e  T able  A3. 25
A p p e n d i x  3 . 4 :  D a t a  f rom E x p e r i m e n t  4.
Table A3.29: Extractable Cu concentrations of soils 2 and 8 in which PRG or 
WC was grown for 52 days at two lime levels and three P-levels.
Soil Limelevel




T2 -  WC 
P I  P2 P3
T2 -  PRG 
PI P2 P3
2 1 3.4 3.2 3.2 4.5 4.4 4.4 4.7 4.6 4.6
2 3.9 3.7 3.4 4.7 4.9 4.9 5.0 5.0 5.0
8 1 0.40 0.42 0.42 0.54 0.51 0.50 0.58 0.59 0.51
2 0.50 0.48 0.45 0.56 0.56 0.55 0.58 0.55" 0.54
s .e .  : TO = 0.12; T2 -  soil 2 = 0.07, soil 8 = 0.014
f r o ,  T2-WC, T2-PRG = day 0 and day 52 after WC or PRG growth, i .e .  start 
and conclusion of experiment.
2P1, P2, P3 = phosphorus levels 1, 2 and 3 equivalent to 24, 48 and 96 kg  P ha"1
Table A3.30: . Extractable Mo concentrations of soils 2 and 8 in which PRG or WC was grown 
for 52 days at two lime levels and three P-levels.
E x t ra c ta b le  so il Mo co n ce n tra t ion  (m g k g 'A a i r - d r y  so il)
Soil Limelevel +T0 T2 - WC T 2 - PRG









































s . e . : TO = 0.0118; T2 = 0. 0049
+ >2 see Table A3.29
Table A3.31: Extractable SO*2 -S concentrations o f  soils
2 and 8 in which PRG or WC was grown for 
52 days at two lime levels and three P-levels.
E x tra c ta b le  so il SOt,2"  
(m g k g ~ l a ir -
- S  c o n ce n tra t io n  
d r y  so il)
Soil Limelevel
+T 0 T2 - WC T2 - PRG
2P1 P2 P3 PI P2 P3 P I P2 P3
2 1 49 52 53 48 40 32 18 19 17
2 60 67 61 82 74 65 24 21 26
8 1 41 40 39 32 19 13 8 11 8
2 53 50 58 78 66 43" 10 12 13
s .e .  : TO = 7.0; T2 = 2.6
 ̂ 2 see Table A3.29
Table A 3.32 :  E x tra c ta b le  Ca co n c e n t r a t io n s  of soils 2 an d  8 in which PRG or
VVC was grown for 52 d a y s  a t  two lime leve ls  an d  th r e e  P- leve ls .
E x tra c ta b le  so il C a  co n ce n t ra t io n  (m g k g  1 a i r - d r y  so il)  
Soil +T0 T2 -  WC T2 -  PRG
2P1 P2 P3 P I P2 P3 PI P2 P3
1 820 840 915 850 850 870 840 825 890
2 2420 2560 2380 2490 2480 2490 2490 2470 2490
1 1610 1500 1650 1590 1570 1640 1550 1530 1630
2 3900 3860 4000 3860 3750 3940 3770 3820 3870
s . e . : TO = 68; T2 = 37
i'>2 see Table A3.29
Table A3.33: Extractable POi»3“ -P  concentrations of soils 2 and 8 in
which PRG or WC was grown for 52 days at two lime 
levels and three P-levels.
E x tra c ta b le so il P O f '- P co n c. (m g  k g 1 a ir - d r y s o i l )
Soil Limelevel +T0
T2 -  WC T2 - PRG
2P1 P2 P3 PI P2 P3 PI P2 P3
2 1 2.6 3.8 7.6 2.6 3.9 7.0 2.7 3.1 5.9
2 2.4 4.2 7.8 2.0 2.9 6.6 1.5 2.3 4.6
8 1 4.5 6.6 11.7 4.3 5.8 9.6 2.6 3.4 7.5
2 5.6 8.1 14.2 5.0 7.1 10.8 3.8 5.3 8.4
s . e . :  TO = 1.29; T2 = 0.34
+ . 2see  T able  A3.29
T able  A3.34: H erbage  DM p ro d u c t io n  for  PRG an d  WC grow n in
soils 2 an d  8 a t  two lime levels and  t h r e e  P- leve ls .
Soil Lintelevel Harvest'*'






2 1 1 0.23 0.42 0.97 1.71 2.13" 2.39
2 0.46 0.91' ' 1.15 1.09 1.19 1.20
2 1 0.16 0.32 0.52 1.86 2.51" 2.69”
2 0.37 0.72 1.34" 1.54 1.55 1.50
8 1 1 0.35 0.60 1.27 2.29 2.38 2.39
2 0.66 0.91 1.25 1.12 1.17 1.14
2 1 0.13 0.14 0.61 2.32 2.51 2.85
2 0.37 0.54 1.38" 1.71 1.70 1.72
s .e .  : Harvest 1 = 0.102; Harvest 2 = 0.060
^Harvest 1, 2 = days 36 and 52
2P1, P2, P3 = phosphorus levels; 1. 2 and 3 equivalent to 24. 48
and 96 kg P ha-1.
Table A3.35: Herbage Cu concentration of PRG and WC 
soils 2 and 8 at two lime levels and three
grown in 
P-lcvels.
H e rb a g e  C u  c o n ce n t ra t io n (m g  k g " 1 D M )
c. .. Lime Soil , .level Harvest t
2P1
WC
P2 P3 P I
PRG
P2 P3
2 1 1 7.3 7.8 7.6 6.7 6.6 5.0
2 10.9 8.7 9.4 7.5 7.0 7.2
2 1 7.7 8.3 9 .5" 9.7 6.8' ■ 6.0
2 8.3 8.0 8.5 7.1 6.5"• 6.2"
8 1 1 4.4 2.5 2.0 2.0 2.0 1.8
2 2.2 2.1 2.0 2.7 2.7 2.6
2 1 2.8 3.0 2.3 2.8 2.5 2.1
2 2.3 2.2 1.7 2.1" 2.4 2.4
s . e . :  Harvest 1 = 0.42; Harvest 2 - 
2 see Table A3.34
soil 2 = 0. 24, soil 8 = 0.11
Table A3.36: Herbage Mo co n c en tra t io n  of PRG and  WC grown in
soils 2 and  8 at two lime levels  and  th r e e  P - leve ls .
H e rb a g e  Mo c o n ce n tra t io n (m g k g ~ l D M )




P2 P3 P I
PRG
P2 P3
2 1 1 1.6 3.6 2.0 2.1 1.4 1.2
2 3.0 4.1 4.4 3.6"’ 3.5 4.7
2 1 22.0 15.0 41.2" 5.3 4.0 3.0
2 19.2 17.4 16.3" 8.4 6.6 5.7
8 1 1 2.7 3.6 3.0 2.2 1.9 1.5
2 2.8 2.7 1.9 3.5 4.6 4.8
2 1 11.3 14.9 11.8 2.6"' 2.0 2.0
2 9.0 5.0 3.1 3.6 2.6 2.5
s . e . :
+ i2 see
Harvest 1 = 1.11; 
Table A3.34
Harvest 2 = 1.04
Table A3.37: Herbage S concentration o f  PRG and 
soils 2 and 8 at two lime levels and
WC grown in 
three P-levels
Soil Lim'elevel Harvest +
H e rb a g e  S  c o n ce n tra t io n (%  D M )
2P1
WC
P2 P3 P I
PRG
P2 P3
2 1 1 0.23 0.23 0.20 0.40 0.34" 0.31
2 0.27 0.19 0.18 0.34 0.28 0.28
2 1 0.23 0.28 0.30 0.56 0.43" 0.40
2 0.22 0.23 0.21 0.34" 0.31 0.29
8 1 1 0.28 0.28 0.20 0.23 0.21" 0.22
2 0.22 0.21 0.14 0.10" 0.11 0.12
2 1 0.28 0.30 0.28 0.39 0.34 0.28
2 0.25 0.29 0.26 0.13 0.14 0.13
s . e . :  H a rv e s t  1 = 0.018; H a r v e s t  2 = 0.014
+ ,2see T able  A3.34
T ab le  A 3.38 :  H erbage Ca co n c en tra t io n  of PRG an d  WC grow n in
soils 2 and  8 a t  two lime levels and  th r e e  P - le ve ls .
Soil Limelevel Harvest ^






2 1 1 1.12 1.29 1.53" 0.36 0.36 0.36
2 1.09 0.98 1.07 0.42 0.42 0.42
2 1 1.26 1.30 1.47 0.43 0.46 0.43
2 1.20 1.30 1.28" 0.38" 0.42 0.40
8 1 1 0.89 0.89 0.90 0.35 0.40 0.39
2 0.84 0.84 0.80 0.47 0.51 0.57
2 1 0.85 0.90 0.97 0.39 0.36 0.44'
2 0.85 0.96 0.95 0.45 0.51 0.50
s . e . : Harvest 1 - WC = 0.036, PRG = 0.037
Harvest 2 - WC = 0.040, PRG = 0.025
^>2see Table A3.34
Table A3.39: Herbage P concentration of PRG and 
soils 2 and 8 at two lime levels and
WC grown in 
three P-levels
Soil Limelevel Harvest^
H e rb a g e P  c o n ce n t ra t io n D M )
2P1
WC
P2 P3 P I
PRG
P2 P3
2 1 1 0.10 0.11 0.13 0.11 0.17 0.20
2 0.19 0.16 0.21 0.14 0.20 0.30
2 1 0.10 0.14 0.17 0.14 0.15" 0.19
2 0.13 0.13 0.16 0.14" 0.16” 0.23
8 1 1 0.12 0.14 0.14 0.18 0.27 0.34-
2 0.12 0. 17-•0.24 0.30" 0.39 0.48
2 1 0.13 0.18 0.20 0.18 0.22 0.28-
2 0.16 0.20 0.20 0.26 0.24 0.34
s . e . :  H a rv e s t  1 = 0.007; H a rv e s t  2 = 0.010
+- 2 see  T able  A3.34
A p p e n d i x  3 . 5 :  D a t a  f rom E x p e r i m e n t  5.
Table A 3.40: Herbage dry matter production of PRG and WC grown 
in soils 2 and 8 with and without added Cu (10 kg Cu 
ha-1) .
H e rb a g e  d r y  m atter p ro d u c t io n  ( g  p o r 1 ! 
Soil Harvestt p r g
No Cu + Cu No Cu + Cu
2 1 0.34 0.33 0.98 1.03
2 0.45 0.42 1.27 1.26
8 1 0.59 0.73 1.36 1.42
2 0.54 0.70 1.52 1.56
s .e . :  Harvest 1 = 0.032; Harvest 2 = 0.036
^Harvest 1, 2: days 30 (PRG ) / 38 (WC) and 50
Table A3.41: Herbage Cu concentration o f  PRG and WC grown in 
soils 2 and 8 with and without added Cu (10 kg Cu 
ha_ i ) .
Soil Harvest ^
H e rb a g e  C u  co n ce n t ra t io n  (m g  k g -1 D M )
WC 
No Cu + Cu
PRG 
No Cu + Cu
2 1 11.7 12.1 11.1 15. S'­
2 13.9 14.7 7.5 i l . 2
8 1 2.7 13.2" 2.8 16.5"
2 3.5 15.4" 2.5 8.8"
s . e . :  H a rv e s t  1 = 0 .25; H a r v e s t  2 = 0.42
"''see Table A 3.40.
Table A3.42: Herbage Mo concentration of PRG and WC grown in
soils 2 and 8 with and without added Cu (10 kg Cu 
ha-1) .
Soil Harvest^
H e rb a g e  Mo co n ce n tra t ion  (m g k g ' 1 D M ]
WC
No Cu + Cu
PRG 
No Cu + Cu
2 1 4.1 7.6 7.2 7.1
2 3.2 5.0 15.5 13.1
8 1 5.2 10.0" 3.2 4.0
2 3.3 23.3* 6.9 6.6
s . e . :  Harvest 1 = 1.48; Harvest 2 = 2.59 (excluding value x)
+see Table A3.40.
Table A3.43: Herbage S concentration o f  PRG and WC grown in 
soils 2 and 8 with and without added Cu (10 kg  Cu 
ha-1) .
H e rb a g e  S co n ce n tra t io n  (m g  k g  1 D M ]
Soil Harvest+ WC 
No Cu + Cu
PRG 
No Cu + Cu
2 1 0.28 0.28 0.44" 0.44
2 0.27 0.27 0.26 0.28
8 1 0.30 0.28 0.36 0.34.
2 0.25 0.24 0.12 0.11
s . e . : 
+see
 Harvest 1 = 0. 
Table A3.40.
.012; Harvest 2 = 0.006
A p p e n d i x  6: D a t a  f rom E x p e r i m e n t  6.
Table A3.44: pH of 'fresh' soils 2 and 8 incubated for three months
at 20 °C either unlimed or with added lime and main­











Day 53 Day 94
2 1 0 3.6 3.8 3.7 3.7 3.7
1 5.9 6.0 5.8 5.5 5.5
2 0 3.5 3.9 4.6 5.3" 5.0
1 6.0 6.0 6.1 6.3 6.2
8 1 0 3.3 3.6 3.5 3.5 3.6
1 6.0 6.1 6.0 5.9 5.8
2 0 3.4 3.6 3.7 3.8 3.8
1 5.8 6.0 5.8 5.8 5.8
s . e .: 0.02 0.03 0.04 0.05 0.03
+1,2: 60% F C , waterlogged.
20 ,1: unlimed, limed to pH 6.0
Table A3.45: Extractable Cu concentrations o f  soils 2 and 8 incubated 
for three months at 20°C either unlimed or with added 
lime and maintained at 60% FC or waterlogged.
Moisturet Lime2 Extractable soil Cu (mg kg 1 oven--dry soil)
Soil regime level Day 3 Day 10 Day 24 Day 53 Day 94
2 1 0 2.3 2.3 2.3 2.2 2.2
1 2.1 2.3 2.1 1.9 1.9
2 0 2.0 1.9 1.1 1.3 0.9
1 1.9 1.3 1.0 1.4 1.2"
8 1 0 0.32 0.27 0.25 0.23 0.30
1 0.30 0.23 0.27 0.25 0.28
2 0 0.29 0.25 0.24 0.28 0.16
1 0.30 0.21 0.27 0.28 0.30
s .e .  Soil 2 : 0.03 0.07 0.04 0.05 0.05
Soil 8 : 
+ ’ 2 see Table A3.44
0.008 0.012 0.014 0.014 0.011
T able  A 3.46: E x tra c ta b le  Mo co n c e n tr a t io n s  of soils  2 a n d  8 incuba ted
for th r e e  m on ths  a t  20°C e i th e r  unlimed o r  with added
lime an d  m ain ta ined  at 60% FC or  w a te r lo g g e d .
Moisture + Lime2 
Soil regime level
Extractable soil Mo (mg kg 1 oven- 
Day 3 Day 10 Day 24 Day 53
■dry soil) 
Day 94




























































2 see Table A3.44
Table A 3.47: Extractable S0^2_-S concentrations o f  soils 
incubated for three months at 20°C either 
with added lime and maintained at 60% FC
2 and 8 
unlimed or 
or waterlogged.
Moisturet Lime2 Extractable soil SOi,2~-S (mg kg-1 oven-dry soil)
Soil regime level Day 3 Day 10 Day 24 Day 53 Day 94
2 1 0 25 26 29 24 28
1 48 62 62 52 60
2 0 18 23 14 2.6 <1.5
1 26 48 <1.5 <1.5 <1.5
8 1 0 19" 27 26 24 28"
1 37 49 66 61 74
2 0 14 20 23" 10" 18
1 34 32 10 9 10
s .e .  : 1.4 1.7 2.0 1.4 1.1
*>2 see  T ab le  A3.44
Table A3.48: Extractable NHi,+-N concentrations of soils 2 and 8 in­
cubated for three months at 20°C either unlimed or with 
added lime and maintained at 60% FC or waterlogged.
Moisture^ Lime2 Extractable soil NH i,+-N (mg k g  1 oven-dry soil)
Soil regime level Day 3 Day 10 Day 24 Day 53 Day 94
2 1 0 25 25 20 10 12
1 43 66 91 <1.0 <1.0
2 0 17 41 46 30 53
1 33 60 79 56 100
8 1 0 100 140 150 165 230
1 120 290" 520 350" 370
2 0 45 120 125" 150 200
1 88 160 165" 200 265
s.e. Soil 2 : 2.2 5.8 3.1 1.7 6.5
Soil 8 : 2.0 8.4 13.8 10.5 5.7
+ ,2 see Table A3.44
Table A3.49: Extractable NOa"-N  concentrations of soils 2 and 8 in­
cubated for three months at 20°C either unlimed or with 
added lime and maintained at 60% FC or waterlogged.
Moisture^ Lime2 Extractable soil NOa -N (mg kg  1 oven-dry soil)
Soil regime level Day 3 Day 10 Day 24 Day 53 Day 94
2 1 0 <1 <1 1.5 2.4 7.5
1 6 10 20 105 100
2 0 <1 <1 2.1 <1 <1
1 13 15 13 10 16
8 1 0 <1 <1 <1 <1 <1
1 25 46 18 17 99
2 0 <1 <1 <1 <1 <1
1 25 38 20 11 22
s .e .  Lime 0 : _ _ 0.64 0.79
Lime 1 : 2.0 5.8 2.8 3.0 9.6
2 see Table A3.44
Table A3.50: Herbage Cu concentration of PRG grown in soils 2
and 8 for 36 days at 60% or 100% FC after the soils 
had been stored dry ,  moist or waterlogged for 
three months.
'^regime* Herbage Cu concentration (mg kg 1 DM) 
Soil (% FC) +Dry Moist Waterlogged
2 60 9.8 8.9 11.9
100 6.3 6.9 11.0"
8 60 2.2 1.8 2.9
100 1.8 1.6 2.6
>.e . : Soil 2 = 0.29 'I'Soil pre-treatment
Soil 8 = 0.21
Table A 3.51: Herbage Mo concentration of PRG grown in soils 2
and 8 for 36 days at 60% or 100% FC after the soils 
had been stored dry ,  moist or waterlogged for 
three months.
a enn g  Herbage Mo concentration (mg kg-1 DM) 
regime 0 a o
Soil (% FC) +Dry Moist Waterlogged
2 60 3.7 2.7 2.2
100 3.8 2.8 2.0
8 60 1 .4 ” 0.94 1 .3”
100 1 .2" 0.67 0.82
s .e . :  Soil 2 = 0.27 +Soil pre-treatment
Soil 8 = 0.067
Table A3.52: Herbage S concentration of PRG grown in soils 2
and 8 for 36 days at 60% or 100% FC after the soils 
had been stored d ry ,  moist or waterlogged for 
three months.
Watering
regime Herbage S concentration (% DM)
Soil (% FC) +Dry Moist Waterlogged
2 60 0.31 0.27 0.30
100 0.26 0.21 0.27"
8 60 0.26 0.28 0.20”
100 0.18 0.25 0.11
s . e . :  0.006 + Soil pre-treatment
